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Abstract
A comprehensive investigation performed in order to understand the fundamental aspects
of transition metal (TM) incorporation into Ga2O3, a wide band gap semiconductor with a huge
potential for application in electronics, optics, micromechanics and optoelectronics. An approach
is presented to tailor the structural, optical, electrical, mechanical properties of Ga2O3 ceramics
and thin films. The tungsten (W) mixed Ga2O3 with variable W at% (Ga2-2xWxO3 ; 0.00 ≤ x ≤ 0.30)
were synthesized by the high temperature solid state route involving a 2-step calcination process.
The solubility limits and phase stability of the compounds are established. While solubility and
phase stability occur for x ≤ 0.10 at%, additional TM-content alters the morphology from rodshape to spherical shape with undissolved TM giving the researchers a scope to alter properties
with the inclusions. A bandgap variation is also observed at higher concentrations of TM in the
system giving rise to either a single edge absorption in case of WO3 and double edge absorption
in case of TiO2. In both case for the TM inclusion, a red shift is observed in the band gap giving
an interesting platform to approach device fabrication for optical materials.
This work also demonstrates an approach towards the practical application of Ga2O3
materials in the form thin films. The strength of thin films deposited using the pulsed laser
deposition (PLD) unit is also reported. The depositions were done at higher temperature and an
attempt was made to study the optical property variation with the deposition temperature. This
direction was taken in this current work to study how the materials will behave at extreme
temperatures if the devices were used in harsh environment. The hardness of the thin films
improved with the temperature due to the high temperature kinetics which also improved the grain
size giving a compact system at 700 ℃. An attempt has been made to establish the structureproperty correlation, which may be useful for practical applications of Ga2O3 PLD thin films.
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Chapter 1: Introduction
Although the energy produced by renewable energy resources keeps on increasing, World
Economic Forum predicts that even 20 years from now, the dependency on fossil fuel will still
dominate. There has been a significant boost or a sort of energy revolution as we move more
toward renewable energy sources. The pace at which green energy is going, it is likely to outpace
the fossil fuel based energy production which is a good news for our planet. Figure 1.1 shows the
overall projection of energy consumption in next 20 years along with the historical data.

Figure 1.1: World energy consumption in quadrillion Btu (Courtesy: World Economic Forum)

As it can be seen from Figure 1.1, the projected consumption from fossil fuel is going
down, but it will still be far away from renewables. To take things into perspective, China is
projected to add another 350 GW of wind-energy to its already existing 150 GWs by 2030 which
can equal the energy required to power 90000 homes per year in Australia which plans to go solar.
So why the worry? Well, as the young population (under 15 years) increases in countries like
Nigeria, Malawi and a few other African nations along with India which hosts a whopping 28% of
young ones alone, the power consumption is going to be significantly higher. This power literally
1

will be used to exploit the prospects of growth in industries. The growth in industries will
significantly fuel the economy as they march along towards a developed nation status. The
following figure 1.2 shows the heat map of emissions around the world. This has been a driving
factor for current global warming scenario and it only looks like ramping up for now.

Figure 1.2 CO2 emissions resulting out of fossil fuel (Courtesy: National Institute for
Environmental studies)

As we move towards the increasing energy requirements, the need for sophisticated devices
grows even faster. There was a time when we used to have a brick sized cellphone, now it fits in
our wallet. The reason behind it is the evolution of semiconductor industry and the rise of silicon
as a semiconductor. Silicon (Si) with its bandgap of 1.1 eV revolutionized an entire era which
resulted in advancements in technology we cannot fathom. Sophisticated devices were made due
to the tremendous advantages of Si as a semiconductors and doping it with elements even got better
results. We got faster computers, which led to faster problem-solving skills helping the scientists
2

to make leaps of progress. Even though silicon remains pivotal in semiconductor industry, it is
getting obsolete as the requirements of modern world keeps on increasing. Researchers have been
exploring wide band gap semiconductors, such as SiC, GaN, Ga2O3 for this reason. However,
given the significant band gap advantage of 4.8 eV for Ga2O3 over 3.4 for SiC and 3.3 for GaN, it
is emerged as a new contender. Bandgap is basically the energy required to excite and electron
from its valence state to its conduction band. The higher bandgap gives the advantage of making
the material thinner, lighter less power consumption to operate while handling larger power. This
also eliminates the cooling system requirements that accompany the lower bandgap materials.
β-Ga2O3 is an important and extensively studied wide band gap semiconductor due to its
numerous applications ranging from semiconducting lasers1, field effect devices2, flat panel
devices3, photoluminescence4, high temperature gas sensors5, photocatalyst6-7, deep-UV
photodetector8-10 and transparent conducting electrode (TCO)11-12. β-Ga2O3 exhibits good thermal
and chemical stability as compared to other polymorphs, which are thermodynamically unstable
and converts to β-Ga2O3 upon heat treatment13. The mainstream of Ga2O3 research is on the
periphery with single crystals being created for devices like MOSFETs14, Schottky barrier
diodes15, transistors16 and even though it is known for decades, however for the last decade the
research has intensified as a prospective wide band gap material in terms of science and technology
and an alternative to SiC and GaN for ultra-high voltage power devices13, 17. In recent years, the
interest in electronic and optical properties of β-Ga2O3 has also increased to exploit in wide range
of gas sensing and optoelectronic device applications18.
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Chapter 2: Literature Review
Gallium oxide has been classified as a semiconducting oxide with transparent features.
Gallium oxide has been on and off the radar in semiconductor industry owing to its high breakdown
voltage of 8MV which makes it a fascinating compound that can be harnessed for potential
applications relating to power-electronics and similar fields.
2.1 POLYMORPHISM IN Ga2O3
Gallium oxide is known to exhibit polymorphs viz. α-, β-, γ-, δ-, ε- Ga2O319. Although
Ga2O3 has been studied using various characterization methods and computer simulations, the
overall understanding of the polymorphs still remains eluded. The β-phase of Ga2O3 is the most
stable form of polymorph, both thermodynamically and chemically. The XRD analysis from a
single crystal gives a resolved structure of β- Ga2O320.

2.1.1 α – Ga2O3
α – Ga2O3 has been identified to exhibit a corundum structure which closely resembles the
α – Al2O3 structure given aluminium’s proximity in the periodic table21. Given the isostructural
nature, the Ga atoms are octahedrally aligned in the crystal. The space group associated with α –
Ga2O3 is R3̅c with lattice parameters as: a = 4.9825 Å and c 13.433 Å. There have been
demonstrated efforts to produce epitaxial thin films on sapphire as it is deemed to be advantageous
for optical and electronic devices22. Thermal stability of epitaxial thin films has also been attested
in literature23. The advantage of these studies also stems from the transparent films can be
combined with isostructural materials to further exploit oxide functionalities. Ultrasonic mist
chemical vapor deposition has been effective method in producing these functionally active thin
films and doping them with shallow donors22, 24. There have been some sol – gel techniques for
thin films production which resulted in a slightly higher band gap of 4.98 eV than pure β – Ga2O3
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and has been hypothesized to better performance for a photo applications or transparent
conductors25.

Figure 2.1 Graphical representation of α – Ga2O3 crystal as seen from the c-plane. The red
spheres are Ga ions while the green spheres are oxygen [2̅110] plane as a dashed
blue line26.
2.1.2 β – Ga2O3
β – Ga2O3 has been convincingly the most stable form of gallium oxide polymorph. The
graphical representation of β – Ga2O3 can be seen in the figure 2.2. The base centered β – Ga2O3
structure has been ascribed to space group C2/m. To avoid overlap of literature, the in – depth
discussion about β – Ga2O3 is referred in section 2.2.

5

Figure 2.2 A crystal structure of β- Ga2O3.
2.1.1 γ – Ga2O3
Often referred to as the metastable form of Ga2O3, γ – Ga2O3 exhibits a randomly oriented
crystallites with sub 5 nm size27. Although it has not been extensively studied, the consensus
indicate that it exhibits a defect cubic, spinel structure often represented by AB2O4 or crystals like
MgAl2O428-29. Si doping of γ – Ga2O3 epitaxial films using PLD technique has been proved to have
high carrier concentration as compared to α – or β – Ga2O330 while Mn doping of γ – Ga2O3 shows
ferromagnetism at room temperature31. A crystal structure of representative cubic spinel has been
shown in the figure 2.3.
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Figure 2.3: Graphical representation of γ – Ga2O3
(Courtesy: http://som.web.cmu.edu/structures/S060-MgAl2O4.html)

2.1.1 δ – Ga2O3
This polymorph of Ga2O3 was discovered from X-ray diffraction patterns of Ga2O3
supplied by Eagle – Picher Company to Roy et al which showed forms not recognizable to
the established features19. The new metastable form was called δ – Ga2O3 and found to be
C – type structures, corresponding to rare earth metals32. The space group has been
attributed to Ia3̅ with lattice parameter a = 9.401 Å33.
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Figure 2.4: Representative crystal structure for d – Ga2O3
(Courtesy: http://som.web.cmu.edu/frames2.html)
2.1.1 ε – Ga2O3
This polymorph of Ga2O3 is still not understood fully. The only evidence was heating the
δ – Ga2O3 above 500 ℃ to obtain ε – Ga2O319. During the synthesis of highly conductive Ga2O3
thin films, it was found that ε phase shows up after 550 ℃ of annealing temperature34. That
purports the fact that the crystal structure of ε – Ga2O3 will be orthorhombic and Pna21 as the
space group. The lattice parameters are a = 5.120 Å, b = 8.792 Å and c = 9.410 Å33.
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Figure 2.5 A crystal structure of ε- Ga2O3
2.2 β – Ga2O3
The β- Ga2O3 has been a widely researched polymorph of Ga2O3 as a result of its high
stability with melting temperatures ranging from 1740 – 1800 ℃19, 35-36. This gives an advantage
of producing high quality bulk crystals and thin films employing a high temperature process which
are discussed in later section.
2.2.1 Crystal Structure of β – Ga2O3
Kohn et al. reported the lattice parameters of β- Ga2O3 for the first time37 while Geller et
al. were able to define the crystal structure in C2/m space group38. There were some questions
about the morphological symmetry, which was rationalized to be in lower state than the accepted
space group39. This was debunked in a later article by Geller40 and it was asserted that if there is
any deviation from the reported crystal symmetry, it must be very small. Further, a few more
researchers investigated the claim and it is a common consensus among the community about the
crystal structure of Ga2O3.
9

There have been a few works with improved accuracy up to an order of magnitude that
concurs with the previously established results20, 37-38. As seen in the figure 2.6 which represents a
unit cell of β- Ga2O3 , the two Ga atoms are differently coordinated. Ga1 is tetrahedrally
coordinated as opposed to Ga2 which is octahedrally coordinated. The three O atoms can be seen
to be arranged in a cubic closed pack array which is distorted in nature. The three positions are
represented as O1, O2 and O3.

Figure 2.6: Crystal structure of β-Ga2O3
2.2.2 Electronic Structure of β – Ga2O3
Theoretical study is one of the better approaches to corroborate with the experimental
findings regarding electronic structure of a system. β-Ga2O3 has been receiving a fair amount of
studies with respect to electronic structure33, 41-44. The shortcoming with density function theory
(DFT) is that it can underestimate the band gap values as can be seen in the different works 42, 44.
The underlying reason behind this is the use of ground state theory which further reports a
diminished exchange-correlation potential among the excited electrons44. Hybrid density
functional theory gives better precision with regards to energetics and band gaps in coordination
with the experiments.
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As He et al.41 pointed out that valence band maximum drops at the Г and M k points for βGa2O3.18 The difference in the energy for Г and M being 0.03 eV. At Г, conduction band minimum
is observed which indicates that there is a direct gap of 4.69 eV at Г. It also corroborates the
existence of an indirect M- Г gap of 4.66 eV. These assertions are further purported by
Yamaguchi42 who employed FLAPW method. The findings included the anisotropic shape of
VBM whereas CBM was found to be isotropic. The anisotropic electrical properties are attributed
to vacancy properties. Peelaers et al. started with 4.84 eV as the fundamental band gap and they
found that the direct band gap at Г was only 0.04 eV larger i.e. 4.88 eV. They further calculated
the effective mass of electrons at Г which is found to be isotropic. The values range from 0.27 me
to 0.28 me which is direction dependent. The values were in good agreement with experimental
measurements according to the literature45-46.
2.2.3 Doping with n-type and p-type dopants
There are quite a number of both experimental and theoretical (Density Functional Theory
calculations) reports exploring the doping effects in β-Ga2O333, 47-48. Villora et al.36 demonstrated
control over electrical conductivity of β-Ga2O3 by doping Si ions. Si4+ is an effective electron
donor when it is substituted at Ga site, hence Si doping increases the n-type conductivity due to
increase in free carrier concentration about three orders of magnitude, as compared to undoped
Ga2O3. Sn doped Ga2O3 single crystals grown by Float Zone method exhibit controlled carrier
density and electrical resistivity with varying concentration49. It has been proposed that Sn doped
Ga2O3 ceramics could be viable candidates for GaN based optical devices as transparent
conducting oxides from visible to deep UV region49. Formation energy and defect nature of n-type
transition metal dopants, such as W, Mo, Nb, Re, were studied using density functional theory
calculations50. The study reports that W, Mo and Re act as deep donors, whereas Nb acts as a
shallow donor with lowest formation energy50. Wang et al.51 reported that Zn2+ doping remarkably
enhances the photocatalytic activity of β-Ga2O3 due to doping-facilitated charge separation
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associated with heterojunction (ZnGa2O4-β-Ga2O3) induced band alignment, whereas doping Pb2+
deteriorates photocatalytic activity which is attributed to dopant generated charge recombination
centers51. Optical band gap of as deposited and post annealed Cu doped β-Ga2O3 polycrystalline
thin films fabricated through RF magnetron sputtering decreases due to impurity energy level of
Cu52. Also, optical band gap of Nb doped β-Ga2O3 decreases compare to intrinsic β-Ga2O3, the
reduction in band gap of Nb doped β-Ga2O3 polycrystalline in thin films associated with resultant
Nb unoccupied new energy levels below the conduction band edge53. Similarly, red shift in optical
band gap was observed in W and Ti doped β-Ga2O3 polycrystalline thin films 54-57.
2.2.4 Growth – Deposition
The overall functionality of electronic devices is guided by the mass production techniques
at lower cost of manufacturing. The availability of single crystals are the best possible approach
that can be thought of for any device. Having said that, the best possible approach remains with
melt grown crystals. There have been demonstrated results where affordable and low energy
requirement single crystals have been grown in bulk quantities35, 58-59. In particular, edge-defined,
film-fed growth or otherwise known as EFG has a proven track record of producing large sapphire
substrates which range up to 6 inches in diameter. Aida et al.58 has been successful in producing
single crystals 2-in. diameter by employing EFG. The scaling of this technique is detailed with no
specific requirement of high-temperature or high working pressure. Figure 2.8 shows a single
crystal β-Ga2O3 produced by EFG at Tamura Corporation with the support of NIST. This is the
first ever grown single crystal in the world.
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Figure 2.8 β-Ga2O3 single crystal produced by melt growth technique EFG (Courtesy: National
Institute of Information and Communications Technology, Japan)
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Chapter 3: Experimental Techniques
3.1 MATERIAL SYNTHESIS
3.1.1 Tungsten doped gallium oxide (GWO)
After carrying out the stoichiometric calculations, Ga2−2xWxO3 (GWO) compounds were
synthesized by conventional solid-state reaction method. The WO3 concentration was varied from
0 ≤ x ≤ 0.20. The precursors Ga2O3 (99.99%) and WO3 (99.9% purity) were procured from SigmaAldrich. To prepare selected composition, the precursors were weighed in stoichiometric
proportions according to the calculations. An agate mortar is ideal for the quantity of powders
which was used to pulverize the powder with acetone as wetting media. This method gives a
homogeneous mixture of the GWO compounds. The obtained powders were then put in crucibles
and calcined at 1050 °C, 12 h and 1150 °C, 12 in a muffle furnace. Each calcination was followed
by intermediate grinding to ensure and assist the solid-state reaction. After the final calcination,
the powders are thoroughly ground to enhance sinterability. The addition polyvinyl alcohol (PVA)
at this step is to give binding strength to the pulverized powder which is followed by pelletization
into circular disc shape of 8mm diameter and ~1mm thickness. A uniaxial hydraulic press was
used to apply 1.5 ton of load for this process. These green pellets were then sintered at 1250 °C
for 6 h with a ramp rate of 5 °C, and binder burnout of pellets was ensured by holding at an
intermediate temperature (500 °C) for 30 min.
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Figure 3.1 Mortar and pestle used for grinding powder samples.
3.1.2 Titanium doped gallium oxide (GTO)
The conventional high temperature solid state reaction was used to synthesize Ti doped
compounds [Ga2-2xTixO3 (GTO), 0 ≤ x ≤ 0.2]. To synthesize GTO compounds, high quality
precursors [Ga2O3, TiO2 (anatase + rutile)] were procured from Sigma Aldrich with purity 99.99%
and 99.9% respectively. The high purity precursors were weighed in stochiometric proportions to
synthesize respective compound. Stoichiometrically weighed precursor powders were
homogeneously pulverized in an agate mortar with acetone as a wetting media, a homogenous
mixture of GTO compounds was created. Usually 60 – 90 minutes of time was allocated for the
pulverization of GTO compounds to enhance homogeneity. After pulverization, compounds were
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calcined at different temperatures 1050 °C, 1150 °C and 1250 °C for 12 hours with intermediate
pulverization to complete the reaction, and to determine the optimal solubility limit. Having
performed the phase analysis of calcined powders, powders were pelletized in the form of circular
disc by adding binder [2 % polyvinyl alcohol (PVA)]. Circular disc pellets of 8 mm diameter and
1 mm thickness were pressed out from a MTI hydraulic press by applying load of 1.5 tons. These
green pellets were then sintered at 1350 °C for 8hrs with binder burnout carried out at 500 °C (30
mins). Once the pellets were sintered, the final properties were derived from sintered pellets/
powders.
3.1.3 Pulsed Laser Deposition of Ga2O3 Films
The thin films were deposited by the pulsed laser deposition (PLD) technique using a COPMex
Pro setup equipped with an excimer laser supplied by COHERENT. The depositions were carried
out on quartz substrates by varying the deposition temperature from room temperature (RT=25 ℃)
to 700 ℃. For the target ablation, the KrF excimer laser with a wavelength of 249 nm was applied.
The films were deposited at a deposition pressure of 5 mTorr with the laser pulses set at a repetition
rate of 5 Hz for 2000 pulses with a pulse energy of 220 mJ. The target-substrate distance was set
at 45 mm for an efficient plume-substrate interaction. The home-made Ga2O3 target was used in
this work. The thickness of deposited films was fixed at ~500 nm. However, the crystallizationinduced thickness variation is taken into account under post-deposition conditions.
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Figure 3.2 Pulsed laser deposition (PLD) setup with deposition chamber.

3.2 CHARACTERIZATION TECHNIQUES
3.2.1 X-ray Diffraction
A Rigaku Benchtop powder XRD-Mini Flex II was used to analyze the composition and
crystal structure of ceramics. The patterns collected from the diffractometer were calibrated to
record from 10°–80° of 2Ɵ range. Step size was kept at 0.02° with a scan rate of 0.6°/min.
Furthermore, Rietveld structural refinement single phase compounds carried out using Fullprof
Software.
3.2.2 Scanning Electron Microscopy
Microstructural features were obtained using the Hitachi-4800 scanning electron
microscope. SPI Sputter Coating module was used to coat gold over the pellets for improved
imaging.
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3.2.3 UV-visible-NIR Spectroscopy
For the project concerning GTO, the optical absorption spectra was obtained from JASCO
made UV-Vis spectrophotometer. Optical spectra is highly influenced by impurities, crystal
symmetry, defects. It is even influenced by the nature of hybridization between atomic orbitals for
any given compound. Hence it is quite essential to understand the optical absorption spectra to
gain valuable insights into elemental doping of a system. Energy band gap between valence and
conduction band can be determined from the optical absorption edge associated with charge
transfer from valence band to conduction band. Understanding the optical absorption spectra gives
more insight into elemental doping in parent phase than X-ray diffraction analysis. The optical
absorption spectra of GWO sintered powders were collected using a UV – vis spectrophotometer
(PerkinElmer, Model: Lambda 1050).
3.2.4 X-ray Photoelectron Spectroscopy
The chemical analysis of the as prepared Ti incorporated Ga2O3 (GTO) compounds was
examined employing X-ray photoelectron spectroscopy (XPS). All the samples were mounted on
a Cu stub using double-sided Cu tape and analyzed using a calibrated Kratos Axis Ultra DLD
spectrometer (Kratos Analytical, Manchester UK) which has a high-performance Al Kα (1486.7
eV) spherical mirror analyzer. A piece of Cu tape was attached to the sample surface connecting
the stub in order to avoid charging issues (e.g. peak broadening, peak shifting etc.), though charge
neutralizer was used to compensate the remnant surface charging effects. Survey and high
resolution (HR) scans were collected at a pass energy of 160 and 40 eV, respectively. Surveys
were obtained over the binding energy (BE) range of 1400-(-5) eV with a step size of 0.5 eV
whereas, HR scans were obtained with a step size of 0.1 eV. The analysis area (i.e. 700 × 300 μm)
is referred to the full width at half maximum (FWHM) of 0.78 eV for Ag 3d5/2 collected at 40 eV
pass energy. HR scans were obtained for Ga 2p, Ga 3d, Ti 2p, O 1 s, and C 1 s peaks. Each HR
scan was recorded for at least 16 sweeps in order to get well resolved spectra. Both spectra (i.e.
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Survey and HR) were collected under ultra-high vacuum (UHV- 4x10-9 torr) condition. C 1s
binding energy at 285 eV was used for the charge reference. Both spectra (i.e. Survey and HR)
were analyzed using CasaXPS V2.3.16 to obtain the atomic composition and more involved
studies, respectively. Peak were fitted employing both Gaussian/Lorentzian (GL(30)) line shape
and Shirley background subtraction whereas, compositional analysis was performed employing
the relative sensitivity factors for the instrument. At least three positions were chosen per sample
in order to maintain the good statistical index. The estimated error for calculating the atomic
concentration of Ga, Ti, and O is considered ±0.01 at. % in this report
3.2.5 Nanoindentation
The mechanical properties of the PLD deposited Ga2O3 thin films were tested with a
Hysitron TI950 Triboindenter. A triangular pyramid Berkovich diamond indenter was used for the
indentation which has a normal angle of 65.3° between the tip axis and the pyramid faces. The
effective size of the tip apex is estimated to be 100 nm. The loading and unloading curves were
determined using the set standard procedures

60-61

, while the hardness and the reduced modulus

were calculated using the methods developed elsewhere 62-63.
3.2.6 Transmission Electron Microscopy
The structure and element composition were studied using an JEOL transmission electron
microscope JEM-2200FS with spherical aberration corrector in probe mode. The instrument was
operated at 200 kV and the electron diffraction patterns were acquired in TEM mode using selected
area electron diffraction (SAED) mode. The X-ray energy dispersion spectrometer (EDS) was used
in a STEM mode to get elemental mapping images. The thin film cross section sample for TEM
study was made using an JEOL JEM-9320FIB device. The sample for this purpose was covered
with a thin layer of gold using sputter technique and the specific zone was covered by carbon to
protect the sample.
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Chapter 4: Interplay between Solubility Limit, Structure, and Optical Properties of
Tungsten Doped Ga2O3 Compounds Synthesized by a Two Step Calcination Process
4.1 CRYSTAL STRUCTURE AND REFINEMENT
The XRD data of GWO are shown in Figure 4.1. The XRD patterns of GWO powders calcined
at 1050 °C and 1150 °C for 12 h are shown in Figs. 4.1(a) and 4.1(b), respectively. The XRD
patterns of GWO calcined at 1050 °C clearly reveal insolubility of WO3 even at lower
concentrations. The XRD peaks corresponding to unreacted WO3 precursor are as indicated in Fig.
4.1a. The insolubility of WO3 in Ga2O3 at 1050 °C is attributed to two factors. The first is that,
commonly, solid-state reaction is associated with high temperature diffusion limited process, and
GWO system may require temperatures higher than 1050 °C to stimulate the diffusion process and
form a stable solid solution. Another factor may be the difference in chemical potentials which
accounts for the limited solubility of WO3 in Ga2O3, though the ionic radii of W6+ and Ga3+ are
comparable. However, to further confirm solubility limit of W6+ at Ga lattice sites of monoclinic
Ga2O3, another calcination of powders was done at 1150 °C. The XRD data of powders calcined
(Fig. 4.1b) at 1150 ℃ show diffraction peaks corresponding to WO3 at x=0.25. The observed
solubility of W in Ga2O3 is consistent with that recently reported W doped Ga2O3 thin films56.
However, to the best of our knowledge, there are no studies aimed at the determination of tungsten
solubility in Ga2O3-WO3 ceramics. Exploring the solubility limit in GWO ceramics gives insight
to functional properties of GWO system. Hence, after two step calcination at relatively higher
temperatures (1050 °C and 1150 °C), the samples were sintered at 1250 °C for 6 h.
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Figure 4.1 X- ray diffraction of patterns of Ga2-2xWxO3 (0 ≤ x ≤ 0.25) compounds calcined at (a)
1050 °C for 12 h (b) 1150 °C for 12 h.
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Figure 4.2 shows the XRD patterns of GWO compounds sintered at 1250 °C. The
diffraction peaks indexed in reference to crystallographic information file obtained from Rietveld
refinement of diffraction patterns will be discussed in the following sections. Interestingly, after
sintering, in contrast to calcined compounds, a trace amount of unreacted WO3 phase is found only
for x≥0.15. The diffraction peaks appeared due to WO3 are indicated by asterisks. Figure 4.3 shows
enlarged profiles of (400), (110) and (111) peaks. Due to smaller ionic radius of W6+, as compared
to Ga3+, the XRD peaks are shifting towards higher angle until tungsten concentration of x=0.1.
This is due to the shrinkage in unit cell volume upon W ion incorporation into Ga-oxide. The peak
shift magnitude is not uniform for different Bragg planes that clearly indicates the formation of
GWO solid solution for x≤0.1. Whereas, at x≥0.15, such behavior of peak shift could not be
observed that might be due to compensating compressive strains owing to the presence of
unreacted WO3 phase. In order to derive a comprehensive understanding and quantification of
solubility limits, volume fraction of unreacted WO3 phase is calculated using64-65:
𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑊𝑂3 = 𝐼

𝐼(112) 𝑊𝑂3
(111) 𝐺𝑎2 𝑂3 + 𝐼(112) 𝑊𝑂3

22

× 100

(1)

Figure 4.2: X- ray diffraction of patterns of Ga2-2xWxO3 (0 ≤ x ≤ 0.25) compounds sintered at
1250 °C for 6 h

Figure 4.3: X- ray diffraction of patterns of Ga2-2xWxO3 (0 ≤ x ≤ 0.25) compounds sintered at
1250 °C for 6 h
The amounts of unreacted WO3 in GWO compositions with x≥0.15 are 2.5%, 8.4% and
9.3%, respectively. The unreacted phase is approximately corroborated with calculated
stochiometric proportions of reacted and unreacted GWO system. Hence, there is a solubility limit
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of WO3 in Ga2O3 to form a clear GWO solid solution without any traces of unreacted WO3. Though
ionic radii of W6+ and Ga3+ are comparable, the formation energy of W6+ in Ga2O3 lattice
determines the solubility limit of W. The formation energy and/or enthalpy of formation of solid
solution is discussed as follows.
The concentration of doping in a given compound is determined by the formation energy
of a specific defect or impurity at parent lattice site48, 50. In accordance with recent reports on metal
doping in Ga2O3 using Hybrid Density Functional Theory (DFT), the formation energy of W on a
Ga site is given by50:
𝑞
𝑞
𝑜 )
𝑂 )
𝐸 𝑓 (𝑊𝐺𝑎
) = 𝐸𝑡𝑜𝑡 (𝑊𝐺𝑎
) − 𝐸𝑡𝑜𝑡 (𝐺𝑎2 𝑂3 ) − (𝜇𝑊 + 𝜇𝑊
+ (𝜇𝐺𝑎 + 𝜇𝐺𝑎
+ 𝑞 (𝐸𝐹 + 𝐸𝑉𝐵𝑀 ) + ∆𝑞

(2)
𝑞
where 𝐸𝑡𝑜𝑡 (𝑊𝐺𝑎
) – total energy of one 𝑊𝐺𝑎 in charge state q, 𝐸𝑡𝑜𝑡 (𝐺𝑎2 𝑂3 ) – the formation energy

of undoped Ga2O3, 𝐸𝐹 – Fermi energy, 𝐸𝑉𝐵𝑀 – valance band maximum. Moreover, 𝜇𝑊 and 𝜇𝐺𝑎
are the chemical potentials with reference to total energy of the metal bulk and 𝜇𝑂 is chemical
potential of O atom with reference to O2 molecule50.
Ga2O3 is formed when Ga and O chemical potentials fulfill the thermodynamic stability of
Ga2O3 bulk compound as follows:
2𝜇𝐺𝑎 + 3𝜇𝑂 = ∆𝐻𝑓 (𝐺𝑎2 𝑂3 )

(3)

where ∆𝐻𝑓 (𝐺𝑎2 𝑂3 ) – enthalpy of formation of bulk Ga2O3, the reported formation enthalpy of
Ga2O3 is –10.73 eV50. Substitutional doping of W at Ga site in bulk Ga2O3 and its solubility in the
lattice is determined by W chemical potential and formation enthalpy of ∆𝐻𝑓 (𝑊𝑂3 ), which is
given by:
2𝜇𝑊 + 3𝜇𝑂 = ∆𝐻𝑓 (𝑊𝑂3 )

(4)
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The calculated formation enthalpy of WO3 is –7.93 eV50. Hence, due to relatively higher difference
in formation enthalpies of WO3 and Ga2O3, W-solubility at Ga site in Ga2O3 is limited to 10 at%.
We also determined, the crystallite size of all the synthesized compounds using Debye Scherrer
relation:

𝐷=

0.9𝜆

(5)

𝛽 cos 𝜃

where, D – Crystallite size, λ (CuKα) - 1.5406 Å, β - Full width at half maximum, θ – diffraction
angle.
Figure 4.4 represents variation in crystallite size with varying W concentration. From the
figure, it is clearly evident that crystallite size increases with W incorporation. At very initial
concentration (x =0.05) there is a considerable increment in crystallite size, approximately 40 nm
(intrinsic Ga2O3) to 50 nm (5 at% W doped Ga2O3). However, with increasing W concentration
there is no such considerable increment in crystallite size and all the W doped compounds show
crystallite size approximately 50 nm within the error range.
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Figure 4.4: Crystallite size obtained from X-ray diffraction patterns of samples sintered 1250 °C
with varying W concentration.

Figure 4.5 shows the refined XRD patterns, where the experimental, simulated and
difference curves are shown. The monoclinic crystal symmetry model with C2/m space group was
used to refine the experimental patterns. Experimental XRD patterns were simulated with Pseudo
Voigt peak shape function using Fullprof Software66. The simulated and experimental patterns
fitted with a low-intensity difference curve. The goodness of fit (χ2) values determines the quality
of refinement, and the obtained χ2 values for refined compounds includes: 1.50 (x= 0), 2.36
(x=0.05) and 4.32 (x=0.10). The goodness fit values and smaller difference intensities of simulated
and experimental patterns reveal that W doped compounds were stabilized in monoclinic
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symmetry i.e., similar to intrinsic Ga2O3. The refined structural parameters are summarized in
Table 1.

Figure 4.5: Refined x- ray diffraction of patterns of Ga2-2xWxO3 (0 ≤ x ≤ 0.1) compounds sintered
at 1250 °C for 6 h.

27

Table 1. Structural parameters of GWO compounds
W

Atoms

concentration

0.00

0.10

Atomic coordinates

Uiso

X

y

Z

Ga1

0.08954

0.00000

0.79383

0.00832

Ga2

0.15852

0.50000

0.31006

0.01348

O1

0.15196

0.00000

0.10012

-0.045(5)

O2

0.17226

0.00000

0.56402

-0.039(5)

O3

-0.00800

0.50000

0.26455

-0.058(5)

Ga1

0.09206

0.00000

0.79531

0.00191

Ga2

0.15634

0.50000

0.30981

0.01188

O1

0.16045

0.00000

0.09886

0.00916

O2

0.16528

0.00000

0.56417

-0.0056

O3

-0.0045

0.50000

0.24983

-0.0325

W1

0.09206

0.00000

0.79531

0.00191

W2

0.15634

0.50000

0.30981

0.01188
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4.2 MORPHOLOGY AND MICROSTRUCTURE
Figure 4.6 shows the SEM images of GWO compounds sintered at 1250 °C for 6 h. Parent
Ga2O3 exhibits a rod-shaped grain morphology, with rod sizes varying approximately from 0.5 –
2.0 μm (width) and 1.0 – 4.0 μm (length). Interestingly, W incorporation into Ga2O3 drastically
changed grain morphology even at smaller concentrations. At lower concentrations of W (x=0.05),
grains are nearly spherical. With increasing W concentration (x≥0.1), a change in morphology was
noticed from spherical to faceted grains with different facets (square and hexagonal). The faceted
morphology is more visible and significant in GWO compositions with x≥ 0.1567-69. Also, the
grain size increases with increasing W concentration from x=0.05 to x=0.1, and, beyond x=0.1, the
grain growth is almost hindered without considerable change. The grain growth in W incorporated
Ga2O3 compounds is due to vacancy assisted enhanced mass transport or WO3 induced liquid
phase sintering. Liquid phase sintering might be possible in Ga2O3 – WO3 system due to low
melting point of WO3 [1473 °C]70 compare to Ga2O3 [1795 °C]71. In has been reported in literature,
WO3 is added as sintering aid to refractory ceramics to reduce sintering temperature and to enhance
the sinterability. WO3 will lead to the formation of eutectic composition with respective material
with a lower melting, and hence liquid phase assisted sintering behavior was found in some WO3
added compounds72-73. However, in the present case we propose liquid phase sintering is one of
the possible reasons for grain growth if Ga2O3 – WO3 system will form a eutectic composition
with low melting. The hindering of grain growth beyond x>0.1 of W concentration is associated
with grain boundary pinning due to segregation of unreacted WO3 at grain boundaries. The red
circles in Figure 4.6 (x=0.20 and x=0.25) indicate the unreacted WO3 phase. The unreacted WO3
is evident at higher concentrations from X-ray diffraction analysis. In addition, grain growth was
not uniform and an abnormal growth in a few grains was observed. Abnormal grain growth of

29

some grains W doped compounds attributed to the growth of large particle of at the expense of
small particles in order to minimize the overall free energy. Such abnormal grain growth in solid
state sintering is mainly driven by difference in mass transport of different species, which arises
from the difference in chemical potentials of constituent elements. Interestingly, W-doped Gaoxide compounds exhibit twin lamellas within a grain, such twin lamellae are more predominant
at higher concentrations. In Figure 4.7, the enlarged images of high concentration compounds are
shown to reveal the W-induced twin lamellae. The formation of twin lamellas is attributed to
abnormal grain growth driven by WO3 induced enhanced vacancy diffusion or liquid phase
sintering. The similar abnormal grain growth induced twin lamellas were found in donor doped
BaTiO3 ceramics74.

Figure 4.6: Microstructural features of Ga2-2xWxO3 (0 ≤ x ≤ 0.25) compounds sintered at 1250
°C for 6 h.
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Figure 4.7: Enlarged SEM images of selected GWO compositions (x=0.20, 0.25).
4.3 OPTICAL PROPERTIES
Figure 4.8 shows the optical absorption spectra of Ga2-2xWxO3 compounds. Intrinsic Ga2O3
shows optical transparency in visible and near UV region and exhibits an absorption edge at ≈280
nm in the UV region in accordance with the literature75. A clear trend and red shift of absorption
edge is noted in W-doped Ga2O3 compounds. Red shift observed in the optical absorption edge is
prominent in GWO compounds with higher W-content (x ≥ 0.20). While red shift is also reported
for W-doped Ga2O3 polycrystalline thin films56, 76, the observed shift in these GWO ceramics is
substantially higher compared to that reported for GWO thin films. We believe that understanding
the optical properties of W-doped Ga2O3 ceramics, therefore, gives more insights into fundamental
scientific aspects and enhance our ability to engineer the GWO compounds with desired properties
and performance. Optical absorption is an atomistic phenomenon where hybridization of atomic
orbitals of different elements and specific phases of the compound (crystal structure) play a crucial
role in determining the optical bandgap of a chemical compound. In GWO compounds, the
solubility of W in Ga2O3 lattice is limited, as evident from XRD analyses and structure refinement.
Hence, we believe that there is a clear distinction and behavioral contrast in optical absorption
features of phase pure GWO compounds versus GWO compounds with secondary phase
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formation. Therefore, to further understand the optical properties, the band gap of GWO
compounds was calculated from the absorption spectra using well known Tauc method77-78. The
Tauc relation is given by:
𝛼ℎ𝑣 = 𝐴(ℎ𝑣 − 𝐸𝑔 )𝑛

(6)

where, α – an absorption coefficient, hν – incident photon energy, A – proportionality constant, Eg
– band gap, n – index determining the electronic transitions type (n takes values of ½ for direct
allowed transition, 2 for indirect allowed transition, 3/2 for direct forbidden transition, and 3 for
indirect forbidden transition). In UV–Vis reflectance/absorption spectra absorbance is equivalent
to Kubelka Munk function [F (R)]79-81. The absorption coefficient is directly proportional to
Kubelka Munk function and the relation is expressed as82:

𝐹 (𝑅) =

(1−𝑅)2
2𝑅

=

𝐾

(7)

𝑆

where, R – Reflectance, K – absorption coefficient and S – scattering factor.

Figure 4.8: Optical absorption spectra of Ga2-2xWxO3 (0 ≤ x ≤ 0.25) compounds sintered at 1250
°C for 6 h.
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Tauc method was used to calculate the band gap values by considering the experimentally
obtained absorbance equivalent to Kubelka Munk Function. Figure 4.9 shows the Tauc plots (a)
[F(R)* hν]2 vs. hν and (b) [F(R)* hν]1/2 vs. hν, used to determine the direct and indirect band gaps
of GWO compounds, respectively. The extrapolation of linear portion of these curves to zero
absorption (x-axis) provides the bandgap value. Tauc plots for both direct and indirect transitions
exhibit linear relationship, which clearly indicate that GWO compounds exhibit both direct and
indirect band transitions. Theoretical and experimental findings show that β-Ga2O3 is known to
exhibit both direct and indirect band gaps with indirect band gap value being lower than direct
band gap values75. The reported direct and indirect band gaps calculated using hybrid density
functional theory are 4.88 eV and 4.84 eV43 while experimentally determined direct and indirect
band gaps in β-Ga2O3 single crystals are 4.48 eV and 4.43 eV83. Both theoretically and
experimentally, a small energy difference was noticed between direct and indirect band transitions
(theoretical – 0.04 eV, experimental – 0.05 eV). In the present study, the determined direct and
indirect band gap values are 4.60 eV and 4.27 eV, respectively. Interestingly, we have observed
relatively higher energy difference (0.33 eV) between direct and indirect transitions in β-Ga2O3
ceramics. The observed direct band gap was in accordance with the literature, whereas lower
indirect band gap was found to be comparable with literature studies43, 83. The lower indirect gap
in β-Ga2O3 bulk ceramics than the reported values might be associated with (a) high temperature
processing (solid state reaction method) induced lattice strain84 and (b) relatively higher point
defects in bulk ceramics than that in single crystals. However, such energy difference is higher in
W-doped compounds and the difference increases with increasing W concentration. A significant
energy difference (0.9 eV) between direct and indirect transitions is noted for GWO compounds
with highest W-concentration (x=0.25).
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Figure 4.9: Tauc plots of Ga2-2xWxO3 (0 ≤ x ≤ 0.25) compounds. (a) Direct Band Gap (b) Indirect
Band Gap.

In Figure 4.10, the variation of direct (a) and indirect band gap (b) of GWO compounds as
a function of W-content. Both direct and indirect band gap decreases with increase in W
concentration. At lower W-concentrations (x≤0.15), the band gap decreases gradually; however,
an abrupt change associated with a significant drop in band gap occurs for x=0.2. The band gap
reduction noted in GWO compounds is due to sp-d exchange interaction arising from the localized
electrons of W 5d orbitals. In pure Ga2O3, the O p orbitals contribution to valance and conduction
bands is predominantly due to Ga 4s character, whereas in W doped compounds, the conduction
band is dominated by W 5d along with Ga 4s character. Hence, the contribution of W 5d orbitals
to conduction band leads to sp-d exchange interaction between valance band delocalized electrons
(O s and p orbitals) and conduction band localized electrons (W 5d orbitals) in GWO compounds.
The sp-d exchange interaction makes positive and negative corrections to valance band and
conduction band, respectively, that results in band narrowing of GWO compounds 85-87.
The abrupt change with a substantial drop in band gap noted in GWO at x=0.2 can be
explained as follows. In a complete solid solution of two parent compounds (Ga2O3 and WO3 in
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the present study), Eg and concentration x follows the Vegard law (linear relation) similar to
semiconductor alloys 88. In the present case, the Vegard law is expressed as:
𝐸𝑔 (𝐺𝑊𝑂) = (1 − 𝑥)[𝐸𝑔 (𝐺𝑎2 𝑂3 )] + 𝑥 [𝐸𝑔 (𝑊𝑂3 )

(8)

where 𝐸𝑔 (𝐺𝑎2 𝑂3 ) is the band gap of intrinsic Ga2O3 while 𝐸𝑔 (𝑊𝑂3 ) is that of intrinsic WO3.
The calculated band gap (direct and indirect) variation from the parent compounds [Ga2O3;
4.60 eV (direct), 4.27 (indirect) taken from this work) and for WO3, 3.52 eV (direct) and 2.62
(indirect)]47, 89 in accordance with Vegard expression is shown in the inset of Figures 4.10 (a) and
4.10 (b). It can be clearly observed from these plots that both direct and indirect band gap values
show a linear variation with concentration x (W at%). However, in the present study, a nonlinear
band gap variation with W concentration and sudden drop (x=0.2) is attributed to insolubility of
W in Ga2O3 lattice at higher concentrations.

Figure 4.10: Optical absorption spectra of Ga2-2xWxO3 (0 ≤ x ≤ 0.25) compounds sintered at
1250 °C for 6hrs (a) Direct Band Gap (b) Indirect Band Gap.
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Finally, to correlate the structural modifications and band gap (direct) with varying W
concentration, the schematic representation of band gap variation coupled with structure evolution
is presented in Figure 4.11. As discussed, intrinsic Ga2O3 is monoclinic, and, with W doping at x
≤ 0.1, a clear solid solution is formed, whereas Ga2O3 + WO3 composite appeared at higher
concentrations (x≥ 0.15). The band gap changes corroborate with the corresponding structural and
chemical composition variations as a function of W-content in GWO compounds. However, an
abrupt and significant drop in band gap found at x=0.20 is in direct correlation with the formation
of a Ga2O3 + WO3 composite instead of a single-phase compound. This abrupt change specifically
at x=0.20, as opposed to x=0.15 or lower concentration of W, can easily be understood from XRD
analysis. The unreacted or secondary WO3 phase is only a fraction (2.5%), and, hence it shows
minimal influence on band gap. The minimal influence on band gap at low concentration (2.5%)
of unreacted phase might be attributed to discontinuous WO3 phase on the surface. The electronic
structure changes, thus, become dominant once the secondary phase (WO3) content in the Ga2O3WO3 composite increases to a reasonable amount.
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Figure 4.11: Representing correlation between structural modifications and band gap (direct)
with varying W concentration.
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4.4 ELECTRONIC STRUCTURE OF GWO
Being a surface sensitive characterization technique X-ray photoelectron spectroscopy
(XPS) is employed to understand the surface chemistry of the as prepared GWO sintered
compounds and the chemical valence state(s) of the constituent elements. The XPS survey spectra
of GWO ceramics are presented in Fig. 4.12. It is evident from the spectra that Ga, W and O are
the constituent elements. The presence of C 1s peak in the spectra is due to fortuitous carbon which
occurs due to exposure air after synthesis and just before the samples are places in the XPS system.
Therefore, the spectra were calibrated to the C 1s peak at a binding energy (BE) of 284.8 eV.
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CPS (a.u.)

x=0.20

x=0.15

x=0.10

x=0.05

Ga 2p
O 1s
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0

B.E. (eV)
Figure 4.12: XPS survey spectra of GWO compounds.
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The XPS core level spectra of Ga 2p region are presented in Fig. 4.13. It is evident that the
Ga 2p region comprises of Ga 2p doublet i.e., the Ga 2p3/2 and Ga 2p1/2 peaks, which are located
about at BEs of 1117.5 and 1144.2 eV, respectively. The Ga 2p3/2 component is located at a BE of
1116.7 eV for Ga metal90. Thus, compared to the Ga metallic state, the observed Ga 2p3/2 peak
shows a positive BE shift indicating that the Ga ions exist in their higher valence state. The BE
positive shift in the BE of Ga 2p3/2 peak is due to the redistribution of the electronic charge, because
Ga chemical state is stabilized as Ga2O3 in the GWO compounds. No changes in BE location
and/or peak shape were observed for the Ga 2p region as a function of variable W-concentration
in the GWO compounds. Thus, the observed more or less same BE and peak shape without any
appreciable change in the Ga 2p core-level XPS data, which are consistent with the reported values
in the literature for Ga2O3, validates the claim that Ga ions exist in the highest valence states (i.e.,
Ga3+) in all the GWO compounds.

39

x=0.30

Ga 2p

x=0.25

CPS (a.u.)

x=0.20

x=0.15

x=0.10

x=0.05

x=0.00

Ga 2P1/2

Ga 2P3/2

1160 1150 1140 1130 1120 1110 1100

B.E. (eV)
Figure 4.13: Ga 2p core level XPS spectra of GWO compounds.

A detailed core-level spectra of W 4f for GWO sintered compounds are shown in Fig. 4.14.
A well-resolved doublet corresponding to W 4f5/2 at BE ~ 37.5 eV and W 4f7/2 at BE ~ 35.4 eV can
be observed in Fig. 4.14. The W 4f7/2 peak at 35.4 eV corroborates with the literature (35.4 eV)
and also characterizes the W6+ state in WO3. However, it is noted that W 4f doublet exhibits slight
peak broadening for GWO samples with lower W concertation. This observation indicates that a
few W ions exhibit lower valence state. The deconvoluted W 4f core-level XPS spectra and peak
fitting indicate a mixture of W4+ and W6+ valence states for lower W-concentration. However, this
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is predominant only in GWO samples with x=0.05 although the presence of these components
exists up to x=0.15. With further increase in x values, the core-level W 4f spectra indicate that the
component corresponding to lower valence state of W ions disappears fully. However, the x=0.30
GWO compound shows a shift of 0.30 eV for the W 4f peak which can be due to the multiple
intermediate steps involved in the sample fabrication method such as palletization, proper control
of the furnace atmosphere and maintaining stoichiometry etc. The XPS data of W fully
corroborates with the observations made from XRD. The W incorporation into β-Ga2O3 is
facilitated by the substitution of W-ions at the Ga-ions. However, due to charge imbalance, some
of the W-ions may exists at lower valence state although such lower valence state of W is not
reflected in XRD due to the fact that it is minor. In fact, formation of W ions with different
chemical valence may assist the mass transportation and sintering of the GWO ceramics.
Therefore, as observed in XRD, the β-Ga2O3 can adopt only certain amount of W-concentration
while the fully stabilized W-oxide phase evolves as a secondary phase leading to the composite or
mixed oxide formation at higher concentrations. This is evident in the XPS data, where the lower
valence state disappears when Ga2O3-WO3 composite formation occurs at higher W concentration.
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Figure 4.14: W 4f core level XPS spectra of GWO compounds.

The O 1s peak (Fig. 4.15) at BE of 530.5 eV, is the characteristic feature of Ga-O bonds in
Ga2O391-93. It must be noted that the O 1s peak is asymmetrical for the GWO compounds. Three
components representing different chemical states are evident from the O 1s peak fitting. The most
intense peak centered at B.E. of 530.5 eV is the characteristic peak of oxygen bonded to either Ga
or W within the GWO compound. The higher BE components (i.e. 531.9 and 533 eV) can be
attributed to the surface oxygen bonded to carbon in the form of either carbonyl (oxygen bonded
to carbon) or hydroxyl (oxygen bonded to hydrogen) groups, which were adsorbed on the sample
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surface as impurities during sample transfer from the fabrication chamber and/or furnace
atmosphere to the XPS load lock, appear as a shoulder contribution with minor intensities54, 91.
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Figure 4.14: O 1s core-level spectra of GWO compounds.
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Chapter 5: Chemical Composition Tuning Induced Variable and Enhanced Dielectric
Properties of Polycrystalline Ga2-2xWxO3 Ceramics
5.1 DIELECTRIC CONSTANT – FREQUENCY DEPENDENCE
The sintered GWO pellets were subjected to a frequency sweep ranging from 1 kHz – 1
MHz and the data obtained are shown in Fig. 5.1. As it can be seen from Fig. 5.1, the dielectric
constant (ε’) at lower frequency range shows comparatively higher values. However, as the
frequency increases, the ε’ then decreases. It decreases until it plateaus out with the increase in
frequency. This behavior of ε’ with respect to frequency is typical for all the GWO compounds.
The dielectric dispersion of any dielectric material is a complicated function of the frequency of
applied electric field. It also depends on the microstructure (e.g., grain size) of the material system
under investigation. As reported elsewhere, the incorporation of W into Ga2O3 results in
microstructural changes94. Initially, the pristine Ga2O3 exhibits a rod-shaped structure. The
addition of small quantities of W into the system changes the morphology to spherical and as the
W concentration increases the grains become faceted with square or hexagonal features. The facets
even exhibit twin lamellae which are unique to the GWO system. Overall the grain growth is
abnormal and is attributed to the unreacted phase that is accumulated at the grain boundaries. Also,
the presence of twin lamellae is due to the WO3 which enhances the diffusion of vacancies. The
fact that this abnormal grain growth with twin lamellae is contributing to the increase in grain
boundary area which is assisted with the unreacted WO3 aggregated at the grain boundaries. This
overall phenomenon is contributing to the increased resistance at grain boundaries which impairs
conductivity.
It is evident from Fig. 5.1 that the real part of the dielectric constant, ε’, shows usual
behavior with alternating frequency. which can be explanied by addressing the polarization source
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in the system[95-96]. At the lower end of the frequency range, ε’ assumes higher values throughout
the sweep profile. This is due to the fact that ionic, space charge and grain boundary polarization
contribute to the higher values of ε’ at lower frequencies[96-97]. Perhaps, the presence of space
charge polarization at the grain boundaries, may generate a potential barrier. Then, an
accumulation of charge at the grain boundary occurs leading to higher values of the dielectric
constant[97-98]. However, it may be noted that as the frequency increases, the ε’ values deccreases
rapidly. This can be attributed to the species that are contributing to the polarization phenomenon,
lag behind the applied voltage in the high frequency domain. This typical dielectric behvaior can
be elaborated by the dispersion due to Maxwell-Wagner polarization[99], which is corroborated by
Koop’s Phenomenological Theory[100].
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Figure 5.1: Frequency dependence real part of dielectric constant of GWO ceramics with
variable W concentration. The data shown are for: (a) x=0.00; (a) x=0.05; (c)
x=0.10; (d) x=0.15; and (e) x=0.20.
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Since the ceramic system in context exhibits multiple species viz. Ga3+, O2-, W3+, it is worth
employing Debye Model101 to further understand the W-doped Ga2O3 system. Figure 5.2 shows
the dielectric dispersion behaviour for GWO materials using the modified Debye function as
shown in the following equation[97-98, 100, 102]:

𝜀 ′ (𝜔) = 𝜀∞ +

(𝜀′0 −𝜀′∞ )
[1+ (𝜔𝜏)2 (1−𝛼) ]

(2)

where 𝜀 ′ (𝜔) gives the complex permittivity, (𝜀′0 − 𝜀′∞ ) gives the dielectric relaxation strength,
𝜀′0 represents the low frequency permittivity (static) while 𝜀′∞ represents high frequency
permittivity. ω is the angular frequency which is derived from the linear frequency (f) of the
applied electric field as 𝜔 = 2𝜋𝑓. τ represents the Debye average relaxation time while α denotes
the spreading factor of actual relxation time about the mean value.
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Figure 5.2: Real part of dielectric constant fitted to modified Debye Function. The plots are for
different compositons of GWO.
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The intrinsic paramters of the GWO compunds were determined using Cole – Cole
plots[103] as can be seen in Figure 5.3. The values for spreading factor “α” and relaxation time “τ”
(𝜀 ′ −𝜀 ′ )

were obtained by plotting ln [((𝜀′ 0−𝜀′ 𝜔 ) ] as a function of ln ω with only the real part of the dielectric
𝜔

∞

dispersion in context. In other words, the pioneering work of Cole–Cole with the standard
procedure[103] were adopted to fit the experimental data, based on the real part of the dielectric
constant instead of the complex part of the dielectric constant, and to obtain information on the
dielectric relaxation behavior[98]. As reported elsewhere, such analyses and procedures were found
to be quite useful to understand the dielectric relaxation behavior in complex ceramics or chemical
compounds with multivalent cations present[98, 104-105]. The values obtained for α and τ were used
to fit the data by computing the Debye function mentioned in equation 1 and fitting it with the
experimentally measured values for ε’ at room temperature. As it can be seen from Fig. 5.2, the
experimental and calculated values show a good agreement which further corroborates the validity
of the modified Debye’s function in claiming the multiple ion contribution to the relaxation
process. The α and τ values determined are tabulated in Table 1. It can be noted that these values
are in reasonable agreement with doped semiconductors and ceramic compounds[98, 104-105].
Table 2: Spreading factor and relaxation time determined using Cole-Cole plots for GWO
compounds.
W-concentration in

Spreading

Relaxation

GWO (x)

Factor, α

Time, τ (μs)

0.00

0.6520

91.762

0.05

0.4718

29.067

0.10

0.3991

34.126

0.15

0.5895

22.492

0.20

0.5571

32.817
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Figure 5.3: Cole – Cole plot for determining the spreading factor and relaxation time for GWO
compounds. The linear portion of the fitting is used to calculate the parmeters.
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5.2 DIELECTRIC CONSTANT – TEMPERATURE DEPENDENCE
The variation of ε’ with temperature is shown in Fig. 5.4. The data shown are for GWO
compounds with variable W-content and measured at different frequencies. At lower frequency (1
kHz – 10 kHz), polycrystalline β-Ga2O3 shows a single relaxation peak at ~400 °C. The peak
intensities fade at higher frequencies with no relaxation peaks at f=100 kHz – 1 MHz. The inclusion
of W in β-Ga2O3 changes a few dynamics in terms of relaxation peaks. At lower frequencies,
almost all the GWO composites show a relaxation peak and the dielectric constant follows an
increasing monotonic function. The high intensity relaxation peaks observed in β-Ga2O3 are due
to the conduction between the grains and grain boundaries. As the W concentration in β-Ga2O3
increases, more and more W6+ ions are introduced into Ga2O3 altering the grain morphology from
rod shaped (un-doped Ga2O3) to spherical shape which provides a larger area for conduction and
hence the reduced intensity of relaxation peaks. Note that the dielectric properties of ceramics are
highly dependent upon the microstructure, defect structure, type of ionic dopants, and
temperature[98, 103, 105-107]. In fact, realizing that the energy storage properties mainly depends on
the defect chemistry of the dielectric, several research groups have paid attention recently to tailor
the multilayered materials for significant enhancement of energy storage performances by
regulating the dielectric contrast between adjacent layers[106-107]. In the present case, as the W6+
substitution increases in β- Ga2O3, the microstructural properties are altered as evident in our
previous work as well as the TEM analyses discussed in subsequent sections. Owing to the smaller
ionic radius of W6+, when it substitutes for Ga3+ (larger ionic radius), there is a shrinkage of the
unit cell volume. This shrinkage results in enhanced charge carrying capability which in turn
reduces the hopping distance. At x=0.10, the dielectric relaxation is unnoticed but as the
concentration increases, the low intensity relaxation peaks resurface. This phenomenon is
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attributed to the undissolved WO3 agglomerated at the grain boundaries and increasing the
resistance at interface. The abnormal grain growth arising due to vacancy assisted enhanced mass
transport is also contributing to the twin lamellae which explains the resurfacing relaxation peaks
as x>0.10. Thermal energy enhanced charge carrier mobility and improved hopping is generally
observed at higher temperature. Thus, an increase in dielectric polarization contributes to the
increased ε’ values.
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Figure 5.4: Temperature dependence of ε’ in GWO compounds. The data shown are for GWO
compounds with variable W-concentration (x).
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The temperature dependence of the corresponding imaginary part of dielectric constant for
GWO compounds is presented in Fig. 5.5. The data presented are for GWO compounds with
variable W-content and measured at various frequencies. It may be noted that as WO3
concentration increases in the system, the value for ε” also increases. It can be seen that there is a
shift in the dielectric values due to the change in temperature. This is due to the increase in charge
carrier mobility and the enhanced hopping rate due to increased temperature. The lower
temperature does not support this phenomenon and hence the lower values of ε”.
The frequency dependence of the corresponding imaginary part of dielectric constant for
GWO compounds is presented in Fig. 5.6. The data presented are for GWO compounds with
variable W-content and measured at various temperatures. It is evident that the ε” values tend to
be generally higher at lower frequencies but decreases rapidly with increasing frequency. On the
other hand, ε” is seen to increase with increasing temperature. Also, the data clearly indicates that
the temperature dependence of ε” is strongly dependent on the frequency of measurements. These
variations can be understood if we consider the microstructure variation and interfacial
contributions in the W-doped Ga2O3 materials. The contribution of the interfacial losses and the
loss from electrical conductivity (as discussed in the subsequent sections) is generally dominant at
lower frequencies; however, these factors become negligible at higher frequencies[95-97, 105, 108].
Thus, the observed decrease in the imaginary part of the dielectric constant observed at higher
frequencies can be attributed to the rapidly fading off the contributions from the interfacial as well
as grain conductivity mechanisms. However, the large values - observed at lower frequency is
mainly due to the W-doping induced complex chemistry of Ga2O3 in terms of multiple valence
cations, vacancies, and grain boundary defects[95-97, 105].
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Figure 5.5:Temperature dependence of ε” in GWO compounds as a function of frequency at
different W concentration.
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Figure 5.6:

The dependence of ε” in GWO compounds as a function of W concentration at a
particular frequency.
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5.3 DIELECTRIC LOSS
The commonly referred dielectric loss factor is defined as the ratio of imaginary part of
dielectric constant to the real part and it is given by tan δ = ε”/ε’, where δ is the phase difference
between current and voltage of the applied electric field[95, 101]. As shown in Fig. 5.7, the loss factor
with reference to change in temperature indicates that β-Ga2O3 assumes a lower value for lower
frequencies until temperatures of 350-420 ℃. Then the loss tan δ rises exponentially towards the
higher range of measuring temperatures. This is true for higher frequency range as well, indicating
a dormant behavior of the participating species. β-Ga2O3 is known to have intrinsic oxygen defects
leading to space charge polarization which exists during the entire temperature sweep. As the
temperature increase, this effect becomes predominant and the loss tan δ rises exponentially as
seen in Fig. 5.7.
Figure 5.8 shows the variation of tan δ with temperature at different frequencies, it may be
noted as the concentration of WO3 in the system increase, tan δ increases. As reported elsewhere,
a mixture of W4+ and W6+ valence states is present at lower W concentrations[109]. This gives rise
to a charge imbalance which explains the substitution of Ga3+ ions and with free W ions for
conduction reducing the dielectric loss at lower concentrations. With the increment in WO3, the
aggregation of mixed phase may give an improved mass transportation assisted Ga3+ substitution.
This may finally result in a certain amount of dopant infusion and additional amount to
agglomerate.
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Figure 5.7: Frequency dependent dielectric loss (tan δ) of GWO compounds. The data shown
are for GWO with variable W concentration and as a function of temperature.
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Figure 5.8: Temperature dependent dielectric loss (tan δ) of GWO compounds. The data shown
are for GWO with variable W concentration and as a function of temperature.
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5.4 AC CONDUCTIVITY
The ac conductivity of GWO increases with the increasing frequency as shown in Figure
5.9. It can also be seen that the conductivity increases with the increase in W content in the GWO
system. This is attributed due to the electron hopping between various cations. This is also
influenced by the increase in frequency which increases the hopping rate and hence the improved
ac conductivity.

Figure 5.9: ac conductivity of GWO compounds. The frequency dependence of conductivity is
presented for various GWO compositions. The data is obtained is room temperature
measurements while varying frequency.
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To further expand the understanding of transport mechanism in GWO dielectric, a plot of
σac - σdc in log scale has been plotted against the log ω2 as shown in Fig. 5.10. The plots obtained
validate the polaron hopping conduction mechanism involved in all the GWO dielectric materials.
The polaron is often described in context of a deformable polar medium as a self-stablilized
electronic charge. The lattice distortion induced slow motion in the polarons is known as polaron
hopping[105, 110-111]. As β-Ga2O3 (doped with W) exhibits a linear growth before being achieiving
the saturation state at higher frequency as shown in figure 5.10. Intrinsic Ga2O3 has the lowest
magnitude as compared to other doped GWO samples, which forms a cluster (segragated WO3) as
the dopant level increases. The underlying mechanism behind this can be explained the following
equation[110-111]:

𝜎𝑎𝑐 − 𝜎𝑑𝑐 =

𝜔2 𝜏

(3)

1+𝜔2 𝜏2

where, ω is angular frequency and τ represents the average relaxation time. The movement of
charge electron between the different valencies of W would result in the intertia of charge
movement. This inertia due to electron hopping will cause the relaxation of polarization and this
can also be defined as relaxation time. It is worth noting that for conduction occuring in a localized
neighbourhood with a small polaron hopping, ω2τ2 < 1, the log (𝜎𝑎𝑐 − 𝜎𝑑𝑐 ) versus log ω2 will
always represent a linear behavior which is clearly evident in Fig. 5.10. While this observation
clearly supports the fact that the electrical transport mechanism in GWO materials is based on the
polaron hopping among the localized sites, the W-induced distortion of the lattice is the source of
such localization of charge carriers leading to the polaron formation. Furthermore, metal-doping
induced lattice distortion leading to such localization of charge carriers leading to polaron
formation and polaron-hopping in the localized states facilitated electrical conduction mechanism
was noted and reported in some of the doped ferrite semiconductors[105, 112-114].
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Figure 5.10: The log(σac-σdc) versus log ω2 plots for GWO dielectric materials. The data shown
are for GWO dielectrics with variable W-concentration. The initial linear plots are
evident of small polaron hopping mechanism (see text) operative in the electrical
transport properties of GWO dielectrics. The elevated set of data with a different
linear behavior and slope can be also noted for W-doped versus intrinsic Ga2O3.
5.5 PROPOSED MECHANISM AND MODEL
Finally, based on the observations made from previously reported structural details [94, 109]
and the present work on frequency and temperature dependent dielectric constant, dielectric loss,
and ac electrical transport analysis, the effect of W-doping on the electrical conduction mechanism
and dielectric properties of Ga2O3 can be modelled simply from the microstructure and
heterogeneity perspective. First of all, it must be emphasized that crystal structure, phase and
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microstructure analyses using X-ray diffraction (XRD), scanning electron microscopy (SEM)
indicate that the W-doping induced changes are significant[94, 109]. As reported previously, XRD
analyses of GWO reveal the formation of a solid solution at lower concentrations W (x≤0.10) while
unreacted WO3 secondary phase formation occurs at higher concentrations (x>0.10). Insolubility
of W at higher concentrations (x≥0.15) leading to a Ga2O3-WO3 composite formation is attributed
to the difference in formation enthalpies of respective oxides i.e., Ga2O3 and WO3. Furthermore,
the surface chemistry and electronic structure analyses using X-ray photoelectron spectroscopy
(XPS) analyses also supported the formation of Ga2O3-WO3 composite formation[109]. However,
XPS studies reveal the lower valence state (W4+) formation for GWO compounds with lower
concentration of W, Thus, the structural and chemical analyses strongly support the idea of an
heterogeneous and electronically differently characterized bilayer system for W-doped Ga2O3.
Such simple two-layer or heterogeneous model can be formulated to account for the frequency and
temperature dependent dielectric properties and electrical conduction mechanism in GWO
materials. Formation of grain-interior and grain-boundary in GWO dielectric can be treated as a
heterogeneous system as schematically presented in Fig. 5.11. The nucleation of WO3 along grain
boundary suggests that W has limited solubility in Ga2O3.

63

(a)

G:Ga2O3

Ag
100

GB:WO3

Ga2O3-WO3 Composite
GWO Dielectric
50000

e' at 1 kHz
RT

Ag

(b)

e' at 1 kHz
500 oC

(c)

40000

80

30000

25 → 500 oC

40

e'

e'

60

20000

10000
20

0
0

0

0.05

0.1

0.15

0.2

0

Composition (x, at%)

0.05

0.1

0.15

0.2

Composition (x, at%)

Figure 5.11: (a) Proposed heterogeneous, two-layer model of the GWO dielectric. The chemical
identification of the grain and grain boundaries are as indicated. (b) Variation of the
real part of the dielectric constant with W-concentration. The data shown is at room
temperature. (c) Variation of the real part of the dielectric constant with Wconcentration. The data shown is at the highest temperature of the measurement
(500 ℃). It is evident from the data shown in (b,c) that the effect of W-doping on
the dielectric constant is significant.

We hypothesized the variation in dielectric constant is a result of the formation of
heterogeneous system based on the Ga2O3-WO3 composite with the gradual increase in W content.
Although the electrical response of the grain and grain boundaries is entirely different, the grains
are essentially separated by a thin layer of grain-boundaries. It is evident from Fig. 11(b, c) that
the effect of W-content on the dielectric constant of GWO samples is remarkable. The dielectric
constant increases with increasing W-content and is attributed to the lattice distortion of the
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intrinsic Ga-oxide which is in-turn the result of enhanced atomic polarizability. Additionally,
formation of a small amount of WO3 leads to the heterogeneous system which presents itself as
WO3 phase at the grain boundaries leading to the accumulation of charges at the grain boundaries.
The resulting interfacial polarization further contributes to an increase in dielectric constant. This
would also explain the ac conductivity of the GWO dielectrics. At lower frequencies, the grain
boundaries are highly active and the frequency of electron hopping frequency between the metal
ions of variable valence states is observed to be at a lower level. This explains the lower
conductivity of materials at lower frequency. However, as the frequency of the applied field
increases, the GWO grains (interior) become more active. These highly active grains facilitate
electron hopping between the same metal ions of variable valence state and, thereby, increases the
hopping frequency. As a result, the electrical conductivity increases gradually with increasing
frequency. This is clearly seen in frequency dependent electrical characteristics (Fig. 5.10) of
GWO dielectric materials. Having understood about the dielectric properties of GWO materials, it
is imperative to shed light on their potential benefits, at least in the context of utilizing Ga2O3
based mixed oxides. Ga2O3 doping or mixed oxides are commonly used to design novel dielectric
materials, particularly those ceramic compositions without any volatile elements such as Li or Na,
for modern wireless communication devices, such as cellular phones, resonators, filters and
oscillators in microwave integrated circuits115,75. Therefore, in addition to the traditional properties
and applications, the present work on the dielectric properties of Ga2O3 and Ga2-2xWxO3 ceramics
may be useful and provide a road map when considering the mixed oxide ceramics based on Ga2O3
for designing such materials.
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Chapter 6: Effect of Ti Induced Chemical Inhomogeneity on Crystal Structure, Electronic
Structure and Optical Properties of Wide Band Gap Ga2O3
6.1 PHASE AND STRUCTURAL ANALYSIS
The X-ray diffraction patterns of samples calcined at initial calcination temperature
i.e.1050 °C (not shown here) revealed a high quantity of unreacted secondary phase corresponding
to TiO2. Hence, calcination was carried out at higher temperatures 1150 °C and 1250 °C. The XRD
patterns of GTO compounds calcined at 1150 °C and 1250 °C are shown in Figure. 6.1(a) & 1(b)
respectively. It is evident that all the samples exhibit the traces of TiO2. The volume fraction of
anatase and rutile phase was determined from X-ray diffraction pattern of TiO2 as received
precursor from 100% intensity Bragg reflections of anatase (101) (25.32°) and rutile (110) (27.44°)
using following equations65, 116.
𝑉𝑜𝑙𝑢𝑚𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐴𝑛𝑎𝑡𝑎𝑠𝑒 =
𝑉𝑜𝑙𝑢𝑚𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑅𝑢𝑡𝑖𝑙𝑒 =

𝐼𝐴(101)
(𝐼𝐴(101) +𝐼(110) )
𝐼𝑅(110)

(𝐼𝐴(101) +𝐼(110) )

(1)
(2)

From the above equations the obtained volume fraction of anatase and rutile phase is
approximately equal to 80% and 20% respectively.
From Figure 6.1(a) (calcined at 1150 °C), the X-ray diffraction patterns clearly show the
presence of secondary rutile phase even at low concentration (5 at%) of Ti doping. However, there
is no signature of unreacted anatase phase in all the synthesized compounds. Intensity of Bragg
reflection corresponding to rutile phase gradually increases, which is due to non-equilibrium nature
of anatase phase and provision of conversion into stable rutile phase in between 600 °C to 1000
°C. Further samples were calcined at 1250 °C in order to estimate optimal solubility limits of Ti
into Ga2O3 parent matrix. The diffraction pattern is indexed with respect to intrinsic Ga2O3
monoclinic symmetry94.
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Figure 6.1: (a) X-ray diffraction patterns of synthesized compounds calcined at 1150 °C and as
received precursor TiO2 (b) X-ray diffraction patterns of synthesized compounds
calcined at 1250 °C and as received precursor TiO2

Figure 6.1(b) represents X-ray diffraction patterns of samples calcined at 1250 °C and
precursor TiO2. From diffraction patterns its clearly evident that formation of single phase Ti:
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Ga2O3 compound at lower concentration (5 at%) of Ti doping, whereas beyond 5 at% Ti doping
results in formation of unreacted TiO2 rutile phase. However, Shannon ionic radii of Ti4+ and Ga3+
closely matches in both tetrahedral and octahedra coordination117. We calculated the formation
enthalpy of TiO2 to be – 9.17 eV and of Ga2O3 to be is – 10.47 eV, so very similar formation
energies. Hence, the difference in formation enthalpies can be ruled out for insolubility. Moreover,
electronegativities of Ti4+ (1.5) and Ga3+ (1.8) are in close proximity. So, it is worthwhile to
mention the aliovalent characteristics of Ti 4+ and Ga3+ would be a possible reason for insolubility
of Ti into Ga2O3 matrix phase. Here, we have determined volume fraction of unreacted TiO2 phase
from 100% intensity Bragg reflections of rutile TiO2 (110) and Ga2O3 (111) using following
equation116, 118.
𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑇𝑖𝑂2 𝑝ℎ𝑎𝑠𝑒 =

𝐼𝑅𝑇𝑖𝑂2 (110)
(𝐼𝐺𝑎2 𝑂3 (111) +𝐼𝑅𝑇𝑖𝑂2 (110) )

(3)

The estimated volume fraction of rutile phase in mixed phase compositions is x = 0.10, x
= 0.15 and x = 0.20 is 7.7%, 11.8% and 13.9% respectively. The estimated volume fraction of
rutile phase is nearly corroborated with stoichiometric calculations. In Figure 6.1 (b) peaks
corresponding to rutile phase are highlighted as vertical green solid oval to enhance the visibility
of the reader. Enlarged X-ray diffraction profile of high intensity peaks are shown in the inset of
Figure 6.1 (b) to verify the Ti induced shift in Bragg position. From the inset figure, there is no
prominent shift in Bragg position, but there is a small shift towards lower Bragg angle in Ti doped
compositions. However, the smaller ionic radii of Ti4+ compare to Ga3+ should lead to shift in
Bragg position towards higher Bragg angle. The contradiction between shift in Bragg position and
ionic radii might be due to Ti induced local structural disorder resulted by global charge imbalance.
Figure 6.2 shows the X-ray diffraction patterns of samples sintered at 1350 °C for 8 h. In
sintered compounds with high Ti content, the Bragg reflection of rutile phase around 27.44° shift
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towards lower Bragg angle (26.87°). Such shift in Bragg position may be attributed to thermal
expansion of lattice. Volume fraction of unreacted rutile phase after sintering is estimated using
equation (3). The estimated volume fraction of undissolved rutile TiO2 phase in doped compounds
with Ti concentration ≥ 10 at% is: 4.0 % (x = 0.10), 4.8% (x = 0.15) and 6.4 % (x = 0.20).
Moreover, in sintered compounds we have noticed another secondary peak around 28.43°. This
secondary peak closely matches with monoclinic TiO2 (PDF # 03-065-6429) with space group
P21/m. Hence, it is evident that fraction of undissolved rutile TiO2 transforms into metastable
monoclinic phase due to high temperature sintering process. As a consequence, volume fraction
of undissolved rutile phase is decreased in sintered compounds compared to calcined compounds.
The crystal symmetry of single-phase compounds, intrinsic Ga2O3 and Ti doped Ga2O3 (5
at%) verified through Rietveld analysis of diffraction patterns. Figure 6.3 represents Rietveld
patterns of intrinsic and doped compound (x=0.05) sintered at 1350 °C. The refinement of
experimental patterns was carried using monoclinic model of intrinsic Ga2O3 with space group
(C2/m). Goodness of fit (χ2) of refined patterns reveal that both intrinsic and doped compounds
are stabilized in monoclinic phase. The obtained structural parameters are shown in Table 1.
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Figure 6.2: X-ray diffraction patterns of sintered powders at 1350 °C and as received precursor
TiO2

Figure 6.3: Reitveld refinement of intrinsic Ga2O3 and Ti doped compound (x= 0.05) sintered at
1350 °C
Table 3. Structural parameters of GTO compounds (x = 0.00 & 0.05)
Ti

Atoms

concentration

0.00

Atomic coordinates

Uiso

X

y

Z

Ga1

0.09104

0.00000

0.79590

0.00772

Ga2

0.15858

0.50000

0.31332

0.00432

O1

0.16257

0.00000

0.11307

0.0080

O2

0.17048

0.00000

0.57658

-0.00077

O3

-0.0037

0.50000

0.25023

-0.0050

70

0.05

Ga1

0.09180

0.00000

0.79140

0.01749

Ga2

0.15472

0.50000

0.31218

0.00302

O1

0.1484

0.00000

0.1511

0.01092

O2

0.1549

0.00000

0.5989

-0.0020

O3

-0.0354

0.50000

0.2410

-0.05684

Ti1

0.09180

0.00000

0.7914

0.01749

Ti2

0.15472

0.50000

0.31218

0.00302
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6.2 COMPUTATIONAL ANALYSIS
Our calculations reveal that Ti atoms preferentially substitute on the octahedrallycoordinated Ga sites, with an energy difference compared to tetrahedrally-coordinated sites of 0.90
eV for the 0 charge state, and 0.37 eV for the 1+ charge state, as shown in Figure 6.4.

Figure 6.4: Formation energy diagram of substitutional Ti on octahedral and tetrahedral Ga
sites as function of the Fermi level, starting from the valence-band maximum
(VBM) to the conduction-band minimum (CBM). Slopes indicate the charge state,
as also indicated by the labels "0" and "1+". Both Ga-rich and O-rich conditions are
shown.
For both configurations, Ti will behave as a deep donor: for Fermi levels up to 3.42 eV
(3.95 eV) above the valence-band maximum the octahedral (tetrahedral) Ti occurs in the 1+ charge
state, indicating that it donates an electron to the conduction band. For larger Fermi levels, the Ti
dopants will remain neutral.
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Note that for Fermi levels up to 0.5 eV above the valence-band maximum, hole polarons
can form, similar to what was found for other transition metal dopants50. Since these correspond
to a 1+ charge state with one- or two-hole polarons and not a natural charge state, these are not
shown in Figure 6.4.

6.3 MORPHOLOGY
Figure 6.5 represents the scanning electron microscopic images of samples Ga2-2xTxO3 (0
≤ x 0.15) sintered at 1350 °C for 8 hrs. Intrinsic Ga2O3 exhibits rod like grain morphology, whereas
doped compounds exhibit nearly spherical morphology. In intrinsic Ga2O3, grain boundary
connectivity with adjacent grains was discontinuous, the agglomerated grains or particles are found
in certain regions. However, the Ti doping drastically changes the morphology from rod like shape
to nearly spherical grains. The approximate grain sizes in intrinsic Ga2O3 varies in the range 1 –
3 μm, whereas the increment in grain size is evident in doped compounds which is approximately
up to 5 μm. The abnormal grain growth was noticed in Ti doped compounds, such abnormal grain
growth was attributed to defects induced enhanced mass transport119-121.
Interestingly lattice twinning induced striations are found in Ti doped compounds in
contrast to intrinsic Ga2O3. Such twinning in doped compounds is attributed to anisotropic grain
growth along specific crystallographic orientation122-123. The density of twinning induced striations
increases with increasing Ti content. In addition, accordance with phase analysis by X-ray
diffraction the unreacted TiO2 segregated in matrix phase as rod shaped morphology (shown in
figure 6.5 (a)). Due to segregation of TiO2 the discontinuity in matrix phase resulted in relatively
porous morphology in undissolved compounds.
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Figure 6.5: Scanning electron microscopy images of Ga2-2xTxO3 [0 ≤ x 0.15] samples sintered at
1350 °C.

Figure 6.6 represents energy dispersive X-ray spectroscopic mapping and spectra of two
selected compositions. Mapping clearly shows uniform distribution of Ti, Ga and O elements
in single phase compound (x= 0.05). Whereas in the undissolved compounds, the absence of
Ga was noticed in regions with segregated TiO2. The TiO2 region in mapping also corroborates
with rod shaped morphology (shown in figure). EDS spectra (Figs. 6.6 (c) & (d)) reveals that
accordance with stoichiometry the intensity of Ti peak increases with increasing Ti content.
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Figure 6.6: Electron dispersive spectroscopic mapping and spectra of two selected
compositions.
6.4 CHEMICAL BONDING
Figure 6.7 represents the survey spectra of the GTO compounds. The survey spectra clearly
show core level peaks correspond to Ga 2p, O 1s, C 1s, Ga 3d, Ga 3s, Ti 2p and Auger lines (Ga
LMM, O KLL). In survey scan, at lower concentrations of Ti doping intensity of Ti 2p peak is not
prominent, but at x = 0.20 it shows considerable intensity with clear visibility. The position of Ti
2p peak is represented with dotted red line. The Ga peaks did not shift even though the Ti peaks
clearly exists at x=0.20. Hence, we have recorded high resolution spectra of Ga 2p, O 1s and T 2p
peaks to explore changes associated with chemical bonding and binding energy due to Ti doping.
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Figure 6.7: XPS survey spectra of Ga2-2xTixO3 (0 ≤ x ≤ 0.2) compounds sintered at 1350 °C

Figure 6.8 (a) represents the high-resolution spectra of Ga 2p spectra. Ga 2p exhibits
doublet characteristics correspond to Ga 2p3/2 and Ga 2p1/2 with binding energies (BE) 1117.6 eV
and 1144.5 eV, respectively. Understanding the behavior of Ga 2p peaks provides information
about Ti doping induced changes associated with Ga-O chemical bonding and Ga valence state in
the synthesized GTO compounds. The reported BE values of Ga 2p3/2 and Ga 2p1/2 in metallic Ga
are 1117.0 eV and 1144.0 eV, respectively. It is evident from spectra that a positive shift of
approximately 0.5 eV as compared to metallic Ga. Shift in the BE occurs mainly due to the
redistribution of the electronic cloud around the constituent atoms91, 124-125. Based on the derived
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information and validating with the available literature, it is inferred that Ga exists in trivalent state
(i.e. Ga3+) within these GTO compounds126.
High resolution spectra of O 1s depicted in Figure 6.8 (b). In all the synthesized compounds
including intrinsic Ga2O3, an asymmetry in peak shape is observed124. The O 1s peak resolved into
two regions (a) main peak centered at 530.7 eV (b) two small shoulder peaks located at higher
binding energies at 532.2 eV and 533.4 eV. To represent the peak positions, in Figure 6.8 (b) the
main peak and peak at 533.4 eV are highlighted with blue and pink dotted lines respectively. It has
been reported in the literature that the O 1s peak for the intrinsic Ga2O3 occurs generally at BE of
530.6 eV, whereas it occurs at 530.1 eV for intrinsic TiO2. Hence, from main peak at 530.7 eV, it
is evident that there is no considerable variation in binding energy, however peak broadening was
noticed in Ti doped compounds. The peak broadening in doped compounds might be due to
interaction between Ga-O and Ti-O chemical bonds. The shoulder peaks at BE 532.2 eV and 533.4
eV attributed to O – C or O – H bonds on surface of sample. The adventitious carbon gets adsorbed
on the sample surface during the sample transfer procedure from the furnace atmosphere to the
XPS analysis chamber 124.
The high resolution Ti 2p spectra is shown in Figure 6.8 (c). Similar to Ga 2p, Ti 2p also
exhibits doublet characteristics of Ti 2p3/2 and Ti 2p1/2, which appears at BE of 458.5 eV and 464.2
eV, respectively for TiO2. From BE values of Ti 2p3/2 and Ti 2p1/2 it is evident that Ti stabilizes in
tetravalent state (Ti4+) in all the GTO compounds127. The deconvolution of (fitting) Ti 2p3/2 results
in single peak, which confirms the absence of other valance states of Ti. Interestingly, we are
unable to fit of Ti 2p1/2 peak. The possible reason for this was, the obtained Ti 2p1/2 peak is broader
with less intensity than usually expected. Such broadening and less intensity of Ti 2p1/2 peak
attributed to Coster-Kronig effect, due to this effect Ti 2p1/2 is a very short-lived state compared
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to Ti 2p3/2 resulted by post ionization. Moreover, with increasing Ti concentration in the GTO
compounds, the FWHM of Ti 2p3/2 peak is decreased slightly from 1.35 to 1.2 eV, which is very
usual in case of Gaussian/Lorentzian (GL(30)) peak fitting where ±0.2 eV is maintained as the
error bar.

Figure 6.8: High resolution XPS spectra of (a) Ga 2p (b) O1s (c) Ti 2p
6.5 OPTICAL PROPERTIES
Figure 6.9 represents the optical absorption spectra Ga2-2xTixO3 (0 ≤ x ≤ 0.2) compounds
sintered at 1350 °C. Doped compounds exhibit two absorption edges in contrast to intrinsic Ga2O3;
first around 300 nm and second around 400 nm, in figure red and blue dotted ovals represents the
same. The observed absorption edges in doped compounds are similar to intrinsic β-Ga2O3 and
undissolved TiO2. The red shift in absorption edge was noted in both the edges, but the red shift
in second absorption edge is not prominent. As mentioned earlier, red shift in optical band gap is
reported in polycrystalline thin films of Ti doped compounds128. However, in doped compounds
the optical band gap mainly depends on changes associated with electronic structure (hybridization
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of atomic orbitals of constituent elements of the compound), changes in orbital contributions to
valance band and conduction band, defects and secondary phases and/or undissolved phases.

Figure 6.9: Optical absorption spectra of Ga2-2xTi1xO3 (0 ≤ x ≤ 0.2) compounds sintered at 1350
°C.

Further, Ga2O3 known to exhibits both direct and indirect band gaps, whereas rutile TiO2
exhibits a indirect band gap, and anatase TiO2 an indirect band gap. Hence, we have estimated
band gap values using well known Tauc method 77-78. The Tauc equation is given by
𝛼ℎ𝑣 = 𝐴(ℎ𝑣 − 𝐸𝑔 )𝑛

(5)

where, α – an absorption coefficient, hν – incident photon energy, A – proportionality constant, Eg
– band gap, n – constant determines the type of band gap. For n = ½ represents direct allowed
transition, n = 2 represents indirect allowed transition, n = 3/2 represents direct forbidden transition
and n = 3 represents indirect forbidden transition. Figure 6.10 (a) represents Tauc plot of direct
allowed transition. In Figures 6.10 (a) and (b), extrapolation of linear portion of absorption edges
to x – coordinate gives the band gap values. The direct band gap values vary from 4.6 eV (intrinsic
Ga2O3) to 4.2 eV. The titanium doping induces red shift of 0.4 eV in GTO compounds. But the
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weak second absorption was evident from Figure 6.10 (a) (green circled). The second absorption
edge in Ti: Ga2O3 compounds is the resultant of TiO2 chemical inhomogeneity and/or phase
separation. From figure 6.9 it is clearly noticed that the first absorption in doped compounds is
weak (in figure represented as blue dotted oval), whereas second absorption is prominent and
strong (in figure represented as red dotted oval). The strong second absorption is mainly due to
undissolved TiO2. The band gap value of undissolved TiO2 is approximately 2.8 eV, the lower
band gap value TiO2 than expected is due to high temperature processing induced lattice strains
and defects. Assigning this absorption edge to TiO2 is consistent with the expected band alignment.
Combining the experimental electron affinity of TiO2 (4 eV)129 with a calculated electron affinity
of Ga2O3 of 3.90 eV130, shows that the band alignment is of type I, with the band edges of TiO2
within the band gap of Ga2O3.Moreover, it is evident that Ti doping induces a red shift of the direct
gap of intrinsic Ga2O3 with strong absorption edge. The deep donor level of Ti in Ga2O3 is not
directly responsible for the observed red shift: we expect the crystal to be unintentional n-type
doped, which means that the Fermi level will be close to the conduction-band edge. In that case,
Ti will be in the 0-charge state (see Figure 4), so that the defect level will be filled. Since the level
is filled, no optical transitions from the valence band to the defect level can take place.
Unpopulating this level requires shifting the Fermi level much lower, requiring deliberate doping
with compensating defects, such as Mg and N131. The small red shift of the direct absorption is
therefore more likely caused by other effects, such as strain effects due to the TiO2 inclusions and
Ti-doping-induced structural changes. Based on the overall analysis, we believe Ti doping of
Ga2O3 might be useful for realizing new optical electronic device applications based on Ga2O3.
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Figure 6.10: Tauc plots of Ga2-2xTixO3 (0 ≤ x ≤ 0.2) compounds (a) direct band gap (b) Indirect
band gap.
6.6 ELECTROCATALYTIC ACTIVITY
The comparatively wide bandgap, as well as negligible catalytic response from Ga-based
active centers, limits the application of β-Ga2O3 as electrocatalysts or photocatalysts. The lattice
incorporation (doping) of Ti in the present study serves the dual purpose of engineering the
bandgap and introducing highly catalytic (Ti) centers into Ga2O3. While the exploration of
β-Ga2O3 as photocatalysts for the creation of H2 fuel through water splitting witnessed some
progress41, its use (either in native state or in doped configuration) as an electrocatalyst is severely
underexplored. Doping Ti into materials demonstrated a great capacity to improve photo and
electrochemical properties132-133. Hence, we investigated the cumulative effect of band structure
modification and introduction of new catalytic centers in doped β-Ga2O3 samples, taking hydrogen
evolution reaction (HER) as the model electrocatalytic process. Figure 6.11 (a) illustrates the effect
of different doping concentrations of Ti on the electrocatalytic activity of β-Ga2O3. The intrinsic
Ga2O3 did not exhibit any electrocatalytic activity in aerobic conditions within the potential range
explored in the study. However, we can see the significant electrocatalytic nature of the
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Ga2-2xTixO3 doped samples with the highest activity when x = 0.10, with an onset potential of 860
mV. By fitting the linear portions of the Tafel plots to the Tafel equation (η = b log j + a, where j
is the current density and b is the Tafel slope), the slope of 136 mV per decade was obtained for x
= 0.10 Ga2-2xTixO3 (Figure 6.11 b). The lower onset potential and Tafel slope, in combination with
a higher current density, implies the superiority of Ga2-2xTxO3 (x = 0.10) towards HER. The
observed enhancement in the activity of Ti-doped Ga2O3 can plausibly be attributed to the
availability of more catalytically active sites, where the Ti doping retains it additional electron (in
n-type conditions). The doped metal atom on the surface can promote the water dissociation step
of HER by decreasing the free-energy barrier for the transformation of H+ ions to H2. It is
imperative to note that the direct band gap of β-Ga2O3 decreases due to Ti doping, which in turn
facilitates more comfortable proton reduction. Nevertheless, the electrocatalytic activity does not
follow a linear relationship with doping. We hypothesize that the optimum positioning of the bands
that enables faster HER is obtained for the Ga2-2xTixO3 with x = 0.10 while further increase in
doping concentration shifts the band alignment. Hence, we attribute the overall enhancement to
the synergistic effect of electronic effect (energy level matching) and rich active sites. Our results
indicate that engineering the electron density of β-Ga2O3 via metal doping can significantly
influence the electrocatalytic activity of β-Ga2O3 and tuning the doping concentration as well as
the size and shape of the base material can derive highly efficient Ga2O3-based electrocatalysts.
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Figure 6.11: Electrochemical characterization of the doped and undoped Ga2O3. (a) Polarization
curves obtained at 50mVs-1 scan rate (b) Tafel slopes for Ti doped samples

83

Chapter 7: Structure, Surface/Interface Morphology and Mechanical Properties of
Nanocrystalline Ga2O3 Films Made by Pulsed Laser Deposition
7.1 CRYSTAL STRUCTURE
The XRD patterns of the PLD Ga2O3 thin films are shown in Figure 7.1. The XRD data clearly
indicate the structural evolution as a function of deposition temperature. It can be noticed that,
except the films deposited at 700 °C, there are no diffraction peaks observed in the XRD patterns.
All the XRD patterns exhibit diffuse nature at lower temperatures (<700 °C). This indicates that
the films are amorphous. However, the growth of nanocrystalline PLD Ga2O3 thin films is found
at 700 °C. As evidenced from the XRD patterns, the 700 °C PLD Ga2O3 films are crystalline, and
the diffraction peaks identified as: (400), (402), (603) and (801) corresponding to monoclinic βphase Ga2O3. The respective peaks and their positions are indicated in Fig. 1. The crystal structure
is identified in space group C2/m. The crystal structure is identified with space group C2/m. The
most dominant peak i.e., (400), is located at 2θ=30.05°. The peaks are indexed and match
according to the JCPDS(00-043-1012)134. The absence of diffraction reflexes for PLD Ga2O3 films
deposited at <700 °C signifies the strong effect of deposition temperature on the growth of
crystalline films. At lower temperatures, the kinetic energy of the flux may be not sufficient, or
time may be short in reference to conditions required for the crystallization Ga2O3. In a pulsed
laser deposition technique, Ga2O3 target ablation in this case, the plume consist of gaseous species
of Ga, O and Ga2O and possibly other Ga-O forms in an excited state or fundamental otherwise
135-136

. The films were deposited at a relatively low oxygen partial pressure (50 mTorr) with an

intent of lowering down the oxygen content in plume expansion of the target. Also, the substrate
temperature significantly influences the surface kinetics alongside the properties of the gaseous
phase precursor coming towards the substrate in the form of a plume
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135

. The formation of

nanocrystalline Ga2O3 at lower temperature is insufficient to get a crystalline thin film which
results in the formation of amorphous thin films at lower deposition temperatures. The crystalline
growth of Ga2O3 is supported at higher substrate temperature due to the favored kinetics and
thermal effects of the system on the substrate-plume interaction resulting in improved crystallinity.
This further asserts the crystallinity improvement as a function of substrate temperature.
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Figure 7.1: XRD patterns of Ga2O3 thin films deposited on quartz substrates at different
temperatures.
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7.2 Surface Morphology
The scanning electron microscopy (SEM) images for PLD Ga2O3 films are shown in Figure
7.2. As it can be seen from the images, the films deposited at room temperature shows no sign of
grain formation indicating an amorphous state. As the temperature increases, there is an evident
grain evolution occurring in the films. This can be attributed to the increment in temperature and
the subsequent thermal kinetics at the substrate surface during the plume-substrate interaction. To
further understand the surface morphology evolution, AFM micrographs were recorded in contact
mode. as shown in Figure 7.3. At elevated temperatures, an evolved grain structures can be seen
in the 3-D representative micrographs.

(a)

(b)

500 nm

500 nm

(d)

(c)

500 nm

500 nm

Figure 7.2: SEM images of Ga2O3 PLD thin films fabricated at (a) 24 °C, (b) 500 °C, (c) 600 °C
and (d) 700 °C.
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Figure 7.3: AFM 3-D profiles representing the Ga2O3 PLD thin films fabricated at different
temperatures.
The microstructural information of the films, thickness in particular, is also measured for
the PLD Ga2O3 films. The physical thickness as a function of the temperature revealed the trend
that it remains constant at all temperatures but shows a sudden drop at 700 °C, where the film
material crystallization is evident. This correlates well with all the structural data from XRD, SEM
and AFM analyses in addition to nanoindentation testing, as discussed later. The significant
increase in crystallinity at 700 °C, as indicated in the XRD and SEM images, would not only
account for the similarly abrupt increased hardness and decrease in modulus of elasticity at that
temperature, but it would also explain the reduced thickness of the sample via a more compact
microstructure. Finally, to understand the effect of temperature, the most important
thermodynamic parameter, on the growth behavior in PLD Ga2O3 films and the fundamental
mechanism involved we considered the structural characterization data from XRD and surface
characteristics obtained from AFM. Particularly, to the data obtained from XRD and AFM were
analyzed in terms of simple models available in the literature. Substrate temperature generally
plays a role on the crystallization and, hence, the resulting microstructure and properties of oxide
thin films deposited by physical vapor deposition methods 137-138. The two most important features,
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as evident from XRD and AFM data analyses, are the amorphous-to-crystalline transformation and
surface roughness increase with increasing temperature. The crystallization and grain or crystallite
size increase related to the increase in diffusion coefficient on the substrate and typically depend
on temperature by means of Arrhenius relation. However, due lack of appreciable size estimation
in amorphous films, we consider the AFM surface roughness data as a function of deposition
temperature.
The variation of RMS surface roughness with deposition temperature is shown in Fig. 7.4.
It is evident that the surface roughness of PLD Ga2O3 films follows a trend at higher deposition
temperature although it not much affected in the growth temperature range of 25-400 ℃. It appears
that kinetic roughening occurs in PLD films, especially for those deposited at elevated temperature.
The kinetic roughening in the growth of metal, alloy, and compound thin films by physical vapor
deposition has been considered as an important topic of scientific and technological significance
139-141

. While many theories exists and/or developed in recent years explain the growth processes

and roughening mechanisms

139-141

, we believe that the temperature induced roughening

mechanism is operative in these PLD Ga-oxide films. Specifically, thermally activated surface
diffusion can account for the general trend in morphology evolution, while surface roughness
increase at higher temperatures can be due to the combined effect high deposition temperatures
and stresses in nanocrystalline PLD Ga2O3 films. Furthermore, the roughness increase with
increasing temperature can be due to crystallization induced local stresses within the film. Perhaps,
that could be the reason for the observed more or linear increase in surface roughness in the PLD
Ga2O3 films deposited in the temperature range of 400-700 ℃.
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Figure 7.4: Change in surface roughening with temperature.

7.3 Phase Stability and Composition
The film cross-section image and related electron diffraction patterns are shown in Figure
7.5. In Figure 7.5a, the carbon, gold, Ga2O3 and quartz layers are clearly observed, and the circles
indicate the specific zones corresponding to the selected electron diffraction patterns. The zone Z1
is from the quartz substrate, which is nanocrystalline and the pattern can be indexed perfectly with
the JCPDS card No 00-046-1045. The pattern from the zone Z2 related to the interface between
substrate and Ga2O3, and this pattern is similar to that from zone Z1 since the sample is not
completely crystalline. The fuzzy circles seen in the SAED pattern could belong to the film
material. The pattern from the zone Z3 is a superposition of signals from the oxide sample and
gold layer. In this pattern, the first wide circle belongs to the oxide material and the second and
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third clear thinner circles belong to gold. These results are in good relationship with the XRD
patterns recorded for the sample obtained at 700 °C, where it was classified is nanocrystalline
material.

Figure 7.5: Cross-section TEM images and SAED of Ga2O3 PLD thin film at 700 °C (a).

The elemental composition of thin film cross-section was determined by EDS technique.
The mapping images are show in Fig. 7.6, where each one shows the images for Oxygen, Gallium
and Silicon distributions. It can be noticed that Ga and O show higher intensity for the layer zone
and the Si can be seen in the substrate zone. These images show qualitatively that we have clear
presence of the constituent elements and confirm the clear layer zone of Ga2O3.
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Figure 7.6: Cross section STEM Elemental mapping images, mapping image zone, Oxygen (O),
Gallium (Ga) and Silicon (Si).
7.3 Mechanical Properties
7.3.1 Indentation Depth (L) and Penetration Depth (d)
The deposited thin films were inspected with nanoindentor as it is a versatile technique to
obtain reliable information regarding the mechanical properties of thin films. The simplicity of
this technique helps attain quick and valuable insights of the deposited thin films142. The effect of
indentation load on the indentation depth is shown in Figure 7.7. It is widely known that the
substrate dictates the indentation response in any thin film characterization technique62, 142-143. As
the depth of indentation increases, the hardness increases correspondingly due to the formation of
a plastic zone under the indenter tip 142. As the plastic zone increases in size and reaches the filmsubstrate interface, the hardness is predominantly comes from the substrate

142

. A continuum

analysis implemented by Bhattacharya and Nix addresses the issue with an assertion that the
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indentation depth over 20% of film thickness would lead to gradually increasing hardness but will
be lower than the actual substrate hardness due to the fact that the indenter is resting in the
deposited film 144. To better address the mechanical properties of thin films rather than a mixture
of film-substrate effects, the penetration depth was kept at a value of roughly 10% of film thickness
in line with the literature

57, 145-146

. In view of the above context, the Ga2O3 thin films exhibit a

similar behavior with the indentation depth, as can be seen in Figure 6a.. The load was varied from
100 μN to 2000 μN with increments of 100 μN while recording the indentation depth values at
each load. The initial load of 100 μN yielded a small value for indentation depth (< 22 nm) which
is within 5% of the film thickness. As we subsequently move towards higher loads, at 300 μN, the
indentation depth is in the preferred depth to thickness ration of ~10%. The penetration depth
follows a linear trend with the increasing indentation load up to 2000 μN and, as it can be seen in
Figure 7.7a, the values are in close proximity for all the thin films i.e. the indentation load has a
less than overwhelming effect on the penetration depth of the films with the temperature change.
This also indicates that the deposition technique (PLD) gives a high-quality thin film with dense
packaging of the grains as can be corroborated from the SEM images (Fig. 7.2). The grain size
evolution with temperature giving a slightly denser packing of grains with finer grain size can be
seen to influence the indentation depth.
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(a)

(b)

Figure 7.7: a) Nanoindentation on thin films for initial critical load identification and b) loadingunloading curves.
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The loading and unloading curves for Ga2O3 films are shown in Figure 7.7b. The curves
are plotted for a fixed load of 2000 μN. A typical load vs displacement curve is used to measure
parameters viz. elastic stiffness, maximum load, and corresponding maximum displacement. The
values obtained are essential to determine the hardness (H) and the reduced elastic modulus (E r)
for the material in context. As it can be noted from Figure 7.7b, the slope varies with the change
in the deposition temperature. It can be clearly seen that the film deposited at 700 °C shows a
different characteristic slope as compared to the other films indicating a direct correlation between
crystallinity and hardness of the Ga2O3 films. An improved hardness at elevated temperature arises
due to the rearrangement of atoms and hence the changed kinetics. It is further discussed in the
following subsection.
7.3.2 Effect of Indentation Load (L) on Hardness (H) and Reduced Elastic Modulus (Er)
The variation of hardness and reduced elastic modulus as a function of incremental load up
to the peak load of this experiment is shown in Figure 7.8. As it can be seen in Figure 7.8a, the
variation of hardness with the load increase for thin films deposited at different substrate
temperatures indicates that there is a slight correlation between hardness and deposition
temperature It may be noted that, for the films deposited at room temperature, 500 and 600 °C, the
hardness value has a plateau after the critical load of ~300 μN, whereas the 700 °C sample exhibits
a different behavior with an elevated hardness that peaks at around 750 μN of applied indentation
load. After this the hardness gradually plateaus similar to the other deposited samples. This
phenomenon typically arises due to the interfering substrate effect and changes occurring directly
under the indenter tip. It can be construed that, at lower temperatures due to the larger grain sizes,
the material will be softer and, above a certain temperature, as the grain size further decreases, it
gives rise to the thin film hardening

147-149

. To further refer to the findings of Siegel
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150

, at

sufficiently smaller grain sizes, the dislocations generated by the Frank-Read sources are too
difficult to activate and impart deformation, hence the elevated hardness. If we shift the gaze to
the change in reduced elastic modulus Er evolution due to the substrate temperature, it can be seen
from Figure 7.8b that the elastic modulus follows a similar trend with reference to the plateauing
of the values but there is a contrast in values for different films. The Er level shows a decrease for
the thin film deposited at 700 °C, indicating that there is an improvement in the grain packing, as
evidenced by the SEM images. This also points out to a fact that, at lower temperatures, the films
are either amorphous or exhibit larger grain size. Now as the grain size reduces, the improved
volume of the grain boundary regions which has a higher modulus in comparison with the in-grain
crystals 151. The atomic models predicted such a behavior that, with the reducing grain size, there
is a drop in elastic modulus value 152-153.
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(a)

96

(b)

Figure 7.8: a) Hardness and b) elastic modulus of thin film as a function of increasing load.
7.3.3 H and Er at Critical Load
A thin film is adjudged with its physical properties for any practical application that
requires it to operate at elevated or room temperatures. The physical attributes are an indicator of
the life cycle of the thin film over time while maintaining its high level of performance. The
hardness (H) and elastic modulus (Er)were estimated for the PLD grown Ga2O3 thin films barring
the substrate effect out of the equation. As noted earlier and seen in Figure 7.8, the H and Er values
change over the range of applied indentation loads. At ~300 μN (critical load), the depths of
indentation are qualified a measured effect only for a thin film. The elimination of substrate effect
allows us to comprehend the properties of the thin films from a mechanical standpoint. It may be
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noted from Figure 7.9 that the hardness of the thin films increases with the temperature increase
and it is particularly high for the thin film deposited at 700 °C. This is due to the fact that the grain
size decreases at higher temperature giving a compact arrangement which leads to elevated
hardness. On the other hand, the elastic modulus declines for the film deposited at 700 °C and it
represents the change in the capacity of the films to bear plastic deformation. The films deposited
at relatively low temperatures would have higher resistance to applied force, as compared to those
fabricated elevated temperatures. Although we see contrasting changes in the hardness and
elasticity of the films, it may be noted that the variations of the values are within 10% and 15%,
respectively, which some might argue is an insignificant amount of change in the properties. But
these change can be vastly significant in the case of devices which are sensitive to temperature
variation and mechanical properties in extreme conditions.

Figure 7.9: Overall variation of hardness and elastic modulus as a function of deposition
temperature.

98

Chapter 8: Conclusions
The effect of Ti and W incorporation into a traditionally known wide band gap Ga2O3 has
been studied in detail. The Ga2-2x(Ti/W)xO3 materials were synthesized and the evaluation of
structural modifications, surface morphology, microstructure, dielectric and optical properties due
to the Ti and W incorporation was made. The studies revealed a solubility limit exists as the
concentration increases and there cannot be an arbitrary amount of TM in the system. The results
were corroborated by XRD analyses. The solubility limit was found to be 9.3% for GWO samples
beyond which the WO3 will segregate to form a GWO-WO3 composite giving an interesting
spherical shape morphology evolution at higher concentrations of WO3. On the other hand, the
TiO2 has a lower value of secondary phase. These segregated particles will then alter the overall
optical properties of the system with a red shift in the band gap and a band gap variation ~1.5 eV
with the increase in WO3 concentration. The red shift in the GWO compounds is attributed to the
sp-d exchange interaction happening between the valence band electrons and the conduction band
electrons from W 5d orbital.
The change in bandgap is also explained by the sp-d exchange interaction which result in
positive and negative corrections to the conduction band. Compared to intrinsic Ga2O3, where the
O p orbitals contribute to valance band while conduction band is predominantly due to Ga 4s
character, the Ti/W-GO compounds experience the hybridization and contribution from TM dorbitals leading to sp-d exchange interaction between valance band delocalized electrons (O s and
p orbitals) and conduction band localized electrons.
The study focuses on the fundamental properties of the Ga2O3 system to elucidate the
effects of inclusion on the overall optical and structural properties. In future, this work can be used
to devise a comprehensive strategy to fabricate devices for novel energy applications. Especially,
the structure-property correlation established in this work provides a road map for future work on
Ga-oxide based device fabrication , characterization and optimization.
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